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ABSTRACT 
Vitamin C deficiency, or scurvy, is a disease that can occur in humans at any age and has 
been seen throughout time. Scurvy affects the production of connective tissues, including 
collagen, which leads to the many symptoms of the disease, including fatigue, anemia, bleeding 
gums and lost teeth, skeletal changes, and even death. The Kellis 2 cemetery in the Dakhleh 
Oasis, Egypt, in use from approximately AD 50-360, contains the remains of many juveniles 
who exhibit skeletal indicators of scurvy. Tissue samples from juveniles who did (n=31) and did 
not (n=117) exhibit skeletal indicators of scurvy were analyzed isotopically, with the sample 
including stable carbon (δ13C) and nitrogen (δ15N) isotope values of bone collagen (scurvy =11, 
non-scurvy =13), hair (scurvy=21, non-scurvy=112), nail (scurvy =10, non-scurvy =44), and skin 
(scurvy =19, non-scurvy =59). Intra-tissue comparisons were conducted to determine whether 
this disease affects δ13C and δ15N values sufficiently to distinguish these two groups from one 
another isotopically. Inter-tissue comparisons between bone collagen and hair were also 
conducted, with emphasis placed on inter-tissue spacing results and outliers. Mean δ13C and δ15N 
values for each hair segment were compared to look for early isotopic signals of scurvy. No 
statistically significant differences were found between any intra-tissue scurvy and non-scurvy 
cohorts and no obvious indications of the onset of scurvy were seen in the hair segment analyses. 
The inter-tissue spacing results, however, highlighted some interesting patterns in the bone 
collagen-to-hair values, especially in regards to the identified outliers that are discussed in more 
detail. While this study did not detect any significant differences between scurvy and non-scurvy 
cohorts or early isotopic signals of the disease in hair segments, the inter-tissue spacing results 
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do point to changes between the cohorts that may be attributable to the physiological stress of 
scurvy and therefore warrants further investigation. 
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CHAPTER 1: INTRODUCTION 
 The importance of health and disease in humans is not a modern concept. All populations 
over the course of human history have dealt with diseases that affected their health. The modern 
analyses that result from the study of ancient health and disease can provide information not only 
on the diseases affecting a population, but can also provide insight into other aspects of their 
lives such as socio-economic/status differences, gender differences, or even environmental 
disasters (Grauer, 2012). The study of ancient health and disease and the extent to which it 
affected a population is an important goal within bioarchaeology (Brickley and Ives, 2008). One 
method used by bioarchaeologists to study ancient health and disease is the application of stable 
isotope analysis of human tissues (Katzenberg, 2008). Stable carbon and nitrogen isotopes are 
used most often in dietary and nutrition studies, but can also be applied to environmental and 
physiological studies, such as analysis of patterns and/or evidence of health and disease 
(Katzenberg, 2008; Schoeninger and Moore, 1992). Bone is generally used in these studies to 
provide a picture of an individual’s or population’s diet, health, and disease; this tissue provides 
a measure of many years of an individual’s life, and is thus considered a long-term tissue 
(Katzenberg, 2008). Soft tissues, such as hair, nail, and skin, however, provide a more focused 
window into the last months prior to death, and are therefore viewed as short-term tissues 
(O’Connell and Hedges, 1999; Pollard et al., 2007; White and Schwarcz, 1994; Williams, 2008).  
 Scurvy, a metabolic bone disease that results from insufficient vitamin C, is a disease that 
can be present in any human population, as humans are reliant upon their diets for all vitamin C 
(Allgaier et al., 2012). Clinical data on scurvy indicates that symptoms can appear within 8-12 
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weeks of the beginning of vitamin C deficiency in the diet (Allgaier et al., 2012), with symptoms 
progressing from non-specific (e.g. fatigue and lethargy) to more extreme and specific symptoms 
the longer the deficiency lasts (e.g. presentations within bones, corkscrew hairs, and death) 
(Agarwal et al., 2015; Allgaier et al., 2012; Polat et al., 2015; Popovich et al., 2009). The 
majority of scorbutic symptoms are only visible clinically, as they are mostly non-specific or 
dermatologic in character. Only the most extreme and/or prolonged cases present osteological 
symptoms, limiting diagnosis of archaeological scurvy cases to those extreme and/or prolonged 
instances that are then visible on the skeleton and dentition. This study aims to bridge the gap 
between clinical and archaeological presentations of scurvy through the application of stable 
isotopic analysis of both long-term and short-term tissues along with osteological indicators of 
scurvy.  
Historical Background 
 The individuals analyzed in this study are from the Kellis 2 Cemetery in the Dakhleh 
Oasis, Egypt, and lived and died during the Romano-Christian period, approximately AD 50-360 
(Hope, 2003). Due to the high temperatures, alkalinity of the soil, and arid conditions, the 
individuals interred in the Kellis 2 cemetery exhibit a remarkable degree of skeletal preservation 
(Dupras and Tocheri, 2007). Additionally, the practice of early Christianity in the region resulted 
in the burial of all members of the society in the same cemetery, providing researchers with 
access to individuals from all stages of life (Bowen, 2003). As such, it is possible to investigate 
ancient health and disease, such as the presence of scurvy, in the juvenile population buried in 
the Kellis 2 cemetery. 
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Dakhleh Oasis 
 The Dakhleh Oasis is located approximately 725 kilometers southwest of Cairo in Egypt 
(Figure 1). One of five major depressions in the Western Desert, Dakhleh Oasis is 80 kilometers 
long on its east to west axis and 25 kilometers north to south. The depression is approximately 
100 meters below the level of the surrounding desert. The northern portion is bordered by a large 
escarpment while the southern border is not well-defined (Dupras and Schwarcz, 2001). 
 
 
Figure 1: Map of Egypt depicting the location of the Dakhleh Oasis, with the location of Kellis 
shown in the inset. Map courtesy of the Dakhleh Oasis Project. 
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 The temperatures within the Oasis vary by season. During the winter months, the 
temperature at midday can reach 25° Celsius while nighttime temperatures can fall as low as -4° 
Celsius; conversely, temperatures during the summer months typically reach 40-50° Celsius 
during the day and 19° Celsius at night (Blume et al., 1984; Giddy, 1987). The Dakhleh Oasis 
experiences very little rainfall, generally receiving only 0.3mm in a year (Schwarcz et al., 1999). 
As a result, agriculture within the Oasis is reliant on natural springs and wells that tap into the 
Nubian Sandstone Series, an aquifer that is enclosed in layers of shale (Price, 1985). The 
humidity between March and September is 23-30% with humidity between October and 
February reaching 33-50% (Doering and Gericke, 1984; Shalin, 1985). It is believed that the 
environmental conditions present in the Dakhleh Oasis today are the same as during the 
Romano-Christian Period (Churcher, 1983, 1993). 
Kellis and the Kellis 2 Cemetery 
 Kellis, an ancient Egyptian city, was located along trading routes that ran through the 
Egyptian Western Desert and the Dakhleh Oasis (Bowen, 2003; Hope, 2001). The Kellis 2 
Cemetery, located along the eastern border of the city, was one of several cemeteries used 
throughout the existence of the city and was in use during the Late Roman-Early Christian period 
of occupation. Radiocarbon dating of individuals from the cemetery indicate that it was in use 
from AD 100-450 (Fairgrieve and Molto, 2000; Stewart et al., 2003), however current 
archaeological data shows usage from AD 50-360 (Hope, 2003).  
The inhabitants of the Dakhleh Oasis relied on agriculture for both subsistence and 
economic means (Dupras and Schwarcz, 2001). Some of the agricultural products grown in the 
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Dakhleh Oasis included barley, beans, dates, doum palm nuts, figs, grapes, olives, and wheat 
(Schwarcz et al., 1999). The dates and olives grown within the Dakhleh Oasis were highly 
sought after commodities throughout the Nile Valley and Mediterranean area during the Roman 
period (Bagnall, 1997).  The Dakhleh Oasis was also known to produce foods that contained 
vitamin C (Table 1) (Aufderheide et al., 2003; Dupras, 1999; Thanheiser et al., 2002). The 
presence of vitamin C-rich foods does not preclude the development of scurvy due to several 
possible factors such as malabsorption disorders, unequal access to foods, changes to vitamin C 
content within foods, and personal agency in food choice. 
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Table 1: Vitamin C, iron, and folate content of select raw foodstuffs grown in the Dakhleh Oasis. 
Foods 
Vitamin C Content (mg/ 
100g) 
Iron Content (mg/ 
100g) 
Folate (µg/ 100g) 
Barley, hulled 0.0 3.6 19 
Fava Beans 1.4 6.7 423 
Dates, medjool 0.0 0.9 15 
Figs 2.0 0.37 6 
Radishes 14.8 0.34 25 
Pomegranates 10.2 0.3 38 
Squash 18.0 0.4 30 
Honey 0.5 0.42 2 
Grapes 3.2 0.36 2 
Olives 0.9 6.28 0 
Wheat 0.0 3.71 28 
Onions 7.4 0.21 19 
Turnips 21.0 0.3 15 
Apricots 10.0 0.39 9 
Peaches 6.6 0.25 4 
Lentils 4.5 6.51 479 
Goat's Milk 1.3 0.05 1 
Cow's Milk 1.5 0.05 5 
Human Milk 5.0 0.03 5 
Nutrient content from USDA website: https://ndb.nal.usda.gov/ndb/search/list 
 
Burials within the Kellis 2 Cemetery are single interments, with a few exceptions, placed 
in an extended supine position with the head facing west, with little to no grave goods, and 
wrapped in burial shrouds, all of which reflect early Christian burial practices (Birrell, 1999; 
Bowen, 2003). Tocheri et al. (2005) have suggested that all individuals from ancient Kellis 
during this time period were buried in the cemetery, and many researchers have found evidence 
of this in the form of fetal and infant burials, including those with fatal and disfiguring diseases 
(e.g. Cope, 2008; Cope and Dupras, 2011; Mathews, 2008). The combination of deliberate burial 
of all members of society, the arid desert environment, and high pH level of the burial matrix 
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contribute to the exceptional preservation of the individuals interred in the Kellis 2 cemetery 
(Dupras, 1999; Dupras and Schwarcz, 2001). 
Research Aims 
 The purpose of this research is threefold: 1) an intra-tissue comparison of δ13C and δ15N 
values between those juveniles who exhibit skeletal indicators of scurvy and those who do not, 2) 
an inter-tissue comparison of δ13C and δ15N values between long-term and short-term tissues to 
determine if they provide different information relating to health status, and 3) a comparison of 
δ13C and δ15N values between hair segments to determine if early isotopic signs of scurvy can be 
detected. In other words, do the δ13C and δ15N values within each tissue differ between those 
juveniles with and without scurvy? And can the δ13C and δ15N values from long-term and short-
term tissues be used to bridge the gap between clinical and archaeological symptoms of scurvy 
so that earlier cases of the disease (i.e., prior to the development of scurvy-like skeletal lesions) 
can be detected?  
Thesis Chapter Summaries 
 Chapter 2 presents information on scurvy, including historical medical knowledge of the 
disease and the importance of vitamin C within the human body, as well as processes that may 
reduce the amount of vitamin C that is bio-available. Typical presentations of scurvy, both in 
clinical and archaeological settings, are presented along with differential diagnoses for each 
setting and some difficulties that arise in attempting to diagnosis scurvy in archaeological 
populations. A brief background on δ13C and δ15N analysis is provided, as well as information in 
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regards to isotopic analysis on the four human tissues used in this study: bone, hair, nail, and 
skin. A brief explanation of inter-tissue spacing and values found in previous inter-tissue spacing 
studies is also provided. 
 Chapter 3 presents the materials and methods for the samples used for analysis in this 
study. The skeletal sample is introduced and the division into scurvy status and age cohorts is 
explained, followed by a brief summary of how individuals were separated into the scurvy and 
non-scurvy cohorts. The subset of the sample prepared for isotopic analysis by the author is 
described, after which the methods used to prepare the samples for isotopic analysis are listed in 
step-by-step documentation. The precision and accuracy of the sample are provided with 
information about statistical analysis methods being presented last. 
 Chapter 4 presents the results of the δ13C and δ15N analysis, starting with preservation 
data for bone collagen and then hair, nail, and skin samples. The explanation of why some 
samples were retained for or discarded from further analysis is provided. The δ13C and δ15N 
results for each tissue, scurvy status, and age cohort are presented, along with the mean δ13C and 
δ15N hair segment trends and intra-tissue differences between the scurvy and non-scurvy cohorts. 
Finally, inter-tissue spacing results are provided and a detailed description of five outliers in 
regards to inter-tissue spacing is provided. 
Chapter 5 presents a discussion of the isotopic analyses, beginning with inter-tissue 
spacing followed by a discussion of the outliers presented in Chapter 4. The discussion of the 
intra-tissue scurvy and non-scurvy cohort comparisons follows, with the hair segment 
comparison discussion being presented last. A brief summary of the discussion is provided at the 
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end of the chapter. Chapter 6 presents the conclusion of the research, as well as limitations found 
within the current study and potential topics for future research. 
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CHAPTER 2: LITERATURE REVIEW 
Medical History of Scurvy 
Scurvy was first defined in the Ancient Egyptian Ebers Papyrus in approximately 1500 
BCE (Pimentel, 2003). Scurvy is a disorder that occurs due to a prolonged deficiency of vitamin 
C (Agarwal et al., 2015), and may occur as a result of non-consumption of vitamin C-rich foods 
or malabsorption of necessary levels of vitamin C. Historically, scurvy was considered to be a 
disease of sailors because they experienced the majority of cases of the disease due to a lack of 
fresh fruits and vegetables on long voyages (Popovich et al., 2009). The discovery of an effective 
cure for scurvy is credited to Sir James Lind, a British Navy surgeon (Pimentel, 2003). Lind 
conducted an experiment in which he divided twelve sailors suffering from scurvy into six 
groups of two and provided each group with a different possible remedy for the disease. He 
found that the group who was provided extra citrus fruits as their remedy showed the greatest 
signs of recovery (Lind, 1753).  
Almost a century and a half later, Thomas Barlow (1894) presented a lecture to the Royal 
College of Physicians of London where he provided evidence that many individuals previously 
identified as having acute rickets indeed suffered from infantile scurvy. Due to his thorough 
examination of many infants suffering from the disease, including some post mortem 
examinations (Barlow, 1894), scurvy in very young children became known as Barlow’s disease 
(Popovich et al., 2009). Barlow found that the one symptom relied heavily upon for the diagnosis 
of scurvy, “spongy” and/or bleeding gums, may not occur in very young children, especially if 
their teeth had not yet erupted (Barlow, 1894).  
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The occurrence of Barlow’s disease had increased in the last half of the 1800s (Popovich 
et al., 2009), however the discovery of this increase did not occur until the 20th century. In 1914, 
Alfred Hess concluded that heating milk in order to destroy certain infectious bacteria also 
destroyed the vitamin C in milk (Barr, 2010), thus causing a spike in the cases of infantile scurvy 
in those who could afford to purchase milk for their infants. It was not until 1931, however, that 
the antiscorbutic factor in the foods known to fend off scurvy was discovered by Albert Szent-
Gyorgyi (Popovich et al., 2009). This factor was labeled hexuronic acid, and later called ascorbic 
acid, or vitamin C, because of its role in the treatment and prevention of scurvy (Pimentel, 2003). 
Since the discovery of the key vitamin needed to prevent scurvy, its incidence has drastically 
decreased in modern society, especially in industrialized societies (Popovich et al., 2009). 
Role of Vitamin C in the Human Body 
Vitamin C, also known as ascorbic acid, is a necessary nutrient that all humans need for 
many different bodily functions but are incapable of producing themselves (Allgaier et al., 2012; 
Polat et al., 2015; Popovich et al., 2009). In other animals, glucose is converted to vitamin C 
through an enzymatic process that utilizes gulonolactone oxidase, but lacking this ability, 
humans must acquire the necessary levels of vitamin C through their diets (Agarwal et al., 2015; 
Polat et al., 2015). This can be achieved through ingestion of vitamin C-rich foods (e.g. citrus 
fruits, potatoes, broccoli, spinach, and tomatoes) (Allgaier et al., 2012) or vitamin supplements.  
Vitamin C is absorbed by the body in the gastrointestinal system, specifically the ileum 
(Polat et al., 2015). Once absorbed by the body, vitamin C is used in intracellular and 
extracellular tissues for many different functions (Agarwal et al., 2015) (Table 2). If bodily 
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tissues do not receive sufficient amounts of vitamin C then they cannot properly carry out their 
specific tasks, which may result in the onset of scurvy symptoms. The daily recommended 
amount of vitamin C is 15-75 mg, depending upon age (Agarwal et al., 2015). Since vitamin C is 
a water-soluble substance, any excess within the body is excreted in the urine (Agarwal et al., 
2015; Popovich et al., 2009).  
 
Table 2: Processes within the human body in which vitamin C is an integral component (drawn 
from Agarwal et al., 2015; Allgaier et al., 2012; Chambial et al., 2013; Pimentel, 2003). 
Collagen Synthesis Iron Absorption 
Caratine Biosynthesis Dopamine to Norepinephrine Conversion 
Cholesterol, Cyclic Nucleotide, & 
Prostaglandin Conversion 
Intercellular Connective Tissue, Osteoid, & 
Dentine Maintenance 
Corticosteroid & Aldosterone Synthesis Vitamin E & Folic Acid Stabilization 
Components of Biochemical Reactions (Enzyme Complement, Cofactor, Reducing Agent, 
Antioxidant, and Co-substrate) 
 
Factors That Affect Available Vitamin C Levels in the Body 
 As discussed previously, the Dakhleh Oasis is known to have grown foods that contained 
differing levels of vitamin C (Table 1). Some of these foods contained sufficient levels of 
vitamin C to prevent scurvy with minimal consumption required (e.g. radishes, turnips, apricots) 
while others would have required higher levels of consumption (e.g. fava beans, figs, olives, goat 
and cow’s milk). However, the growth of these foods in the area does not mean the juveniles 
living in Kellis were necessarily receiving adequate amounts of vitamin C to prevent scurvy. 
There are several factors that have been found to decrease the amount of vitamin C within food 
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items or decrease the amount of the ingested vitamin that is actually absorbed by the body. These 
factors can be divided into three main groups: post-harvest storage and distribution, food 
preparation/cooking, and internal bodily functions. 
 Once foods containing vitamin C are harvested, the amount of the vitamin within them 
begins to decrease. It has been found that storage methods that do not minimize water loss and 
are at warm or hot temperatures accelerate the loss of vitamin C (Bineesh et al., 2005; Jutkus et 
al., 2015; Nunes et al., 1998). The hot, arid climate of the Dakhleh Oasis could have decreased 
the amount of vitamin C within the foodstuffs grown there from the moment they were 
harvested. Additionally, it has been found that air drying foods such as celery, evidence of which 
was found in Kellis (Dupras, 1999; Thanheiser et al., 2002), can also cause the level of vitamin C 
to decrease (Valšíková et al, 2016). Finally, exposure to air and subsequent oxidation after 
harvest and during storage can cause a loss of vitamin C within foods (Kaewsuksaeng et al., 
2011; Rameshkumar et al., 2012). In addition to storage methods causing a loss of vitamin C, it 
is also possible that vitamin C-rich foods were not being consumed in adequate quantities by the 
juveniles at Kellis, either due to them not having regular access to these foods or due to them 
choosing to not consume vitamin C-rich foods. 
 The second group of factors that can decrease or destroy the amount of vitamin C within 
foods occurs during preparation and cooking. Preparation of vegetable and fruit matter for 
cooking by cutting or chopping them into small pieces releases ascorbic acid oxidase, which 
destroys vitamin C (Davies et al., 1991). Additionally, release of phenolase, the agent within 
some foods that causes browning when exposed to air, during preparation for cooking also 
reduces the amount of vitamin C within the food items (Davies et al., 1991). The release of 
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phenolase and the subsequent interaction with air is another form of oxidation. The process of 
cooking foods is also responsible for decreasing the amount of vitamin C contained within them. 
When high temperatures are used for cooking, it destroys the vitamin C within the cooked food, 
drastically decreasing the amount that can be ingested (Davies et al., 1991; Jutkus et al., 2015). 
Because vitamin C is water soluble, the use of excess water during boiling leeches the vitamin 
out of the food and deposits it into the water (Davies et al., 1991). If the water used to boil foods 
is then discarded, so too is the vitamin C. 
 Once vitamin C has been ingested, there are endogenous factors that may inhibit 
absorption of the amounts necessary to prevent the onset of scurvy. These include infections; 
health issues such as congestive heart failure, kidney, liver, and pancreatic diseases; an over-
abundance of some micro-organisms within the digestive system; and other gastrointestinal 
issues (Table 3)(Davies et al., 1991; Nolan et al., 2015). Systemic infections, such as colds, have 
been shown to decrease the level of vitamin C within the blood possibly due to oxidation within 
the body (Davies et al., 1991). Infections within the gastrointestinal tract (e.g. Giardia 
intestinalis, Cryptosporidium parvum, Isospora belli, Cyclospora cayetanensis) can also lead to 
vitamin C absorption issues due to altering the normal mechanisms of absorption (Nolan et al., 
2015). Tuberculosis has also been shown to affect the digestive system (Nolan et al., 2015), and 
cases of this disease have been found within the Dakhleh Oasis and the Kellis 2 cemetery 
(Donoghue et al., 2005; Molto, 2002). Several studies (e.g. Innis, 2012; McKeag et al., 2012; 
Nolan et al., 2015; Song and Kang, 2018) have shown that vitamin C levels within the blood are 
decreased in individuals suffering from heart failure, kidney disease, liver disease, and pancreatic 
disease, though whether the deficiency or the disease developed first is unknown. Additionally, 
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gastrointestinal issues such as Crohn’s disease, Celiac disease, lactose intolerance, and 
inflammatory bowel disease have been found to cause damage to the digestive system that 
inhibits absorption of the necessary amounts of vitamin C to prevent scurvy (Bickle, 2009; Innis, 
2012; Jeejeebhoy and Duerksen, 2018; Nolan et al., 2015; Vagianos et al., 2007). Micronutrient 
deficiencies also rarely present in isolation (Snoddy et al., 2017), and the interaction of different 
nutrients have been shown to increase absorption of others (Hallberg et al., 1989; Nolan et al., 
Sandström, 2001); therefore, a deficiency of other micronutrients may also affect the absorption 
of vitamin C. 
 
Table 3: Endogenous factors that may affect vitamin C absorption (Bickle, 2009; Davies et al., 
1991; Innis, 2012; Jeejeebhoy and Duerksen, 2018; McKeag et al., 2012; Nolan et al., 2015; 
Song and Kang, 2018; Vagianos et al., 2007). 
Factor Possible Cause 
Systemic Infection Oxidation of vitamin C within body 
Gastrointestinal Infections Alteration of normal absorption mechanisms 
Tuberculosis May affect digestive system 
Organ Diseases (e.g. heart, 
kidney, liver, pancreas) 
Unknown if disease or vitamin C deficiency occurs first 
Gastrointestinal Diseases (e.g. 
Crohn's, Celiac, lactose 
intolerance, IBD) 
Damage to the digestive system that inhibits proper 
absorption 
 
Clinical Presentation of Scurvy 
Although scurvy is often thought of as a disease of the past, it is still present in the 
modern world. It is most often seen in populations of developing nations, patients suffering from 
alcoholism, elderly individuals in isolation, institutionalized individuals, patients with 
developmental and mental delays, and even people participating in food fads (Allgaier et al., 
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2012; Polat et al. 2015). A vitamin C deficiency can be caused by a number of different reasons, 
including non-access to vitamin C-containing foods, self-imposed dietary restrictions that limit 
vitamin C intake, and mal-absorption disorders that lower the amount of vitamin C absorbed by 
the body (Popovich et al., 2009). 
If there is a prolonged period of inadequate vitamin C intake or absorption, the body will 
begin to present symptoms of the disease. Symptoms typically increase in severity the longer the 
deficiency continues, progressing from non-specific symptoms up to and including death if left 
untreated (Agarwal et al., 2015; Allgaier et al., 2012). Agarwal et al. (2015) state that there is a 
progression from non-specific symptoms to clinical symptoms that generally are seen in the skin, 
dentition, and hair, and finally changes in the skeleton that are visible radiologically.  
Multiple researchers have described the progression of symptoms differently, some 
dividing them into different stages while some divide them by their presentation in individuals. 
Allgaier et al. (2012) have divided the progression of scurvy into three stages: early, prolonged, 
and extreme. Each stage presents with different symptoms that worsen as the disease progresses 
to the next stage, as presented in Table 4. Popovich et al. (2009) have divided scorbutic 
symptoms into three types of presentations: non-dermatologic, dermatologic, and non-specific. 
These symptom types overlap with those established by Agarwal et al. (2015). In addition to 
these three types of symptoms, Popovich et al. (2009) describe severe symptoms that occur if 
scurvy is left undiagnosed and untreated. These can include seizures; congestive heart failure; 
cerebral, conjunctival, and intraocular hemorrhages; and death (Popovich et al., 2009). 
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Table 4: Three stages of scurvy and their respective symptoms as defined by Allgaier et al. 
(2012). 
Stages  Symptoms  
Early 
Deficiency 
     
Malaise Fatigue Lethargy  
     
Prolonged 
Deficiency 
Anemia Petechiae Poor Wound Healing 
Myalgia Perifollicular Hemorrhage Mood Changes 
Bone Pain Corkscrew Hairs Depression 
Bruising Gingivitis   
Extreme 
Deficiency 
Generalized Edema Acute Spontaneous Bleeding Convulsions 
Severe Jaundice Neuropathy Death 
Hemolysis Fever   
 
The non-specific symptoms described by Popovich et al. (2009) include some of those 
listed in Table 4 in both Early and Prolonged Deficiency (e.g. fatigue, myalgia, mood 
changes/irritability, and depression). Arthralgia, anorexia, weakness, shortness of breath, and 
weight loss are also included as non-specific symptoms of scurvy (Popovich et al., 2009). 
Although the above symptoms can be caused by scurvy, their presence, especially when isolated, 
does not necessarily point toward the disease as their cause.  
Once scurvy has progressed further, symptoms begin to develop with a more focused 
causality. These symptoms fall within Allgaier et al.’s (2012) “prolonged deficiency” category 
and include both dermatologic and non-dermatologic symptoms. The dermatologic symptoms 
generally present on the lower limbs, but may also present elsewhere (Alqanatish et al., 2015; 
Popovich et al., 2009). Several bruising-type symptoms can result from untreated scurvy, 
including petechiae, ecchymosis, easy bruising, and perifollicular hemorrhage (Fossitt and 
Kowalski, 2014; Popovich et al., 2009). Scurvy-induced anemia can develop as a result of blood 
loss from these and other hemorrhages, especially when combined with a decreased iron 
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absorption and simultaneous deficiency in folic acid, both of which can be caused by scurvy 
(Pimentel, 2003).  
Body hair is also affected by scurvy. One symptom associated with hair is follicular 
hyperkeratosis which is characterized by cone-shaped, spiky, hyper-keratinized projections at the 
site of hair follicles (Nadiger, 1980). This symptom, however, often leads to a misdiagnosis of 
vasculitis due to the frequent occurrence of follicular hyperkeratosis in that disease (Adelman et 
al., 1994; Polat et al., 2015). Corkscrew hairs are also symptomatic of scurvy, and are caused by 
broken disulfide bonds within the hair structure leading to a coiled appearance (Popovich et al., 
2009).  
The non-dermatological symptoms of scurvy occur in the bones and dentition. When 
presented orally, symptoms include swollen and bleeding gums that may be classified as 
inflammatory gingivitis and loosened teeth (Agarwal et al., 2015; Alqanatish et al., 2015; 
Popovich et al., 2009). In order for these symptoms to present, however, the individual must be 
dentulous (Popovich et al., 2009).  
There are many symptoms of scurvy that present within the skeleton of affected 
individuals, with the symptoms typically presenting symmetrically (Agarwal et al., 2015). Since 
inadequate vitamin C affects collagen production within the body (Polat et al., 2015), this results 
in inadequate osteoid formation which in turn affects the development of endochondral bone 
(Agawarwal et al., 2015). The chain reaction caused by vitamin C deficiency on bone 
development means osteological symptoms are more common in juveniles due to the rapid 
growth and regeneration of the matrix within their bones (Polat et al., 2015). General non-
dermatological symptoms include subperiosteal hemorrhages that often result in pain within the 
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bones and joints, weakness in the legs that progressively increases in severity, bone fractures due 
to brittle bones, and pseudoparalysis (Popovich et al., 2009). Osteological manifestations of 
scurvy most often occur in the legs, especially in the area of the knee (Polat et al., 2015). In very 
young children, advanced scurvy may cause the individual to lay in a pithed frog position where 
the knees and hips are held semi-flexed (Agarwal et al., 2015).  
Many of the osteological symptoms of scurvy are visible radiologically, and change the 
appearance of the affected bone(s). These changes typically occur at the distal end of long bones 
and often affect the knees and ankles, though the wrists have been found to be affected as well 
(Agarwal et al., 2015; Noordin et al., 2012). Frequent symptoms of scurvy in these areas can 
include thinning cortical bone, a White line of Frankel at the metaphyses, a Trümmerfeld zone, 
Pelkan spurs, and Wimberger ring signs (Agarwal et al., 2015; Noordin et al., 2012; Polat et al., 
2015). Table 5 presents more detail on these symptoms and other osteological symptoms that 
may be present. Additionally, advanced scurvy may also produce epiphysis slippage, or 
separation, in unfused epiphyses and delayed bone development (Agarwal et al., 2015; Noordin 
et al., 2012). 
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Table 5: Details of scorbutic symptoms visible radiologically (drawn from Agarwal et al., 2015; 
Noordin et al., 2012) 
Symptom/Location Diagnostic Criteria 
Cortical Thinning 
cortical bone thins and shows in sharp contrast to medullary cavity 
in radiographs; gives the appearance of a "pencil outline" around 
diaphyses and epiphyses 
White Line of Frankel area of over-calcified cartilage at metaphyses 
Trümmerfeld Zone 
area of lessened density of metaphyses on the diaphyseal side of 
the Frankel Line; appears in later stages of disease, but more 
specific symptom of scurvy 
Pelkan Spurs 
projections from periphery of metaphyses; associated with 
elevation of periosteum 
Wimberger Ring Sign 
round, opaque shadowy area of growth centers; often surrounded 
by a white line in epiphyses 
Osteopenia 
most common osteological symptom; deficient osteoid matrix 
resulting in less trabeculae than in healthy individual; creates a 
"ground glass" appearance; nonspecific symptom 
Costochondral Junctions 
flaring of costochondral junction of ribs 1-8; possibly resulting 
from fractures acquired during normal breathing; similar to 
changes as seen in rickets 
Skull 
marrow hyperplasia resulting from anemia may create secondary 
symptom of "hair-on-end" appearance; may also cause porotic 
hyperostosis 
Subperiosteal 
Hemorrhage 
bleeding between periosteum and bone; only visible during healing 
stages of scurvy 
Delayed Bone Age 
interruption of collagen production may cause delayed 
development of bones, such as carpals, causing age estimates based 
on bone development to be inaccurate 
Epiphysis Slippage 
from the changes within joints, the epiphyses are moved out of 
their correct locations 
 
Noordin et al. (2012) presented a case study of a 4.5 year-old male originally from 
Pakistan who presented with scorbutic symptoms after relocating with his parents to Dubai. His 
initial symptoms included swelling in his joints three months prior to medical attention being 
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sought. The swelling began after the child exhibited a slight fever, and did not cause any 
discomfort or restriction of movement. These symptoms progressed to the point of preventing the 
child from walking or sitting due to pain. Initial tests showed the child suffered from 
hypochromic anemia and vitamin D deficiency, and he tested negative for septic arthritis. 
Radiographs were obtained of the affected joints (bilateral wrists and knees), which showed 
many abnormalities that assisted in the diagnosis of scurvy (Table 6). The child’s dietary history 
indicated that he subsisted only on meat products, and thus did not have any intake of vitamin C 
since his move to Dubai. After treatment with vitamin C and other supplements (due to other 
vitamin deficiencies), the child recovered from scurvy.  
 
Table 6: Osteological symptoms seen radiologically in 4.5 year-old male presenting with signs of 
scurvy in knees and wrists (Noordin et al., 2012). 
Knees Wrists 
Osteopenia Osteopenia 
Cortical Thinning 
White Line of 
Frankel 
White Line of 
Frankel 
Trümmerfeld 
Zones 
Trümmerfeld 
Zones 
Wimberger Ring 
Sign 
Wimberger Ring 
Sign 
Pelkan Spurs 
Pelkan Spurs Epiphysis Slippage 
Epiphysis Slippage Delayed Bone Age 
 
Clinical Differential Diagnosis 
The nonspecific nature of many of the symptoms of scurvy cause it to often be 
misdiagnosed (Polat et al., 2015). Scorbutic symptoms may be mistaken for hematological 
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diseases, ulcerative gingivitis, vasculitis, infections, medicinal side effects, deep vein thrombosis, 
other vitamin deficiencies, and even trauma (Pimentel, 2003; Polat et al., 2015). There are many 
specific diseases and disorders that share symptoms with scurvy that may result in a 
misdiagnosis (Table 7). Adding to the difficulty in diagnosing scurvy is the fact that it is often 
found simultaneously with other vitamin deficiencies such as thiamine and vitamin D (Agarwal 
et al., 2015). The osteological manifestations also simulate some features of malignancy, 
especially that of leukemia (Agarwal et al., 2015).  
 
Table 7: Differential diagnoses of scorbutic symptoms in clinical settings (drawn from Agarwal 
et al., 2015; Allgaier et al., 2012; Barlow, 1984; Noordin et al., 2012; Pimentel, 2003). 
General 
Disease/Disorder 
Type 
Specific Disease/Disorder or Cause 
Hematologic 
Abnormalities 
Thrombocytopenic Purpura 
Disseminated 
Intravascular 
Coagulation 
Deep Vein 
Thrombosis 
Hematological Malignancies Vasculitis  
Autoimmune 
Diseases 
Sjogren's Syndrome 
Systemic Lupus 
Erythematosus 
Rheumatoid 
Arthritis 
Infections 
Septic Arthritis                         
Osteomyelitis 
Meningococcemia 
Rocky Mountain 
Spotted Fever 
Medication Side 
Effects 
Antiplatelet Agents Anticoagulants 
Nonsteroidal 
Anti-
inflammatory 
Drugs 
Other Vitamin 
Deficiencies 
Vitamin K Deficiency Vitamin D Deficiency/Rickets 
Other 
Child Abuse/Neglect Pediatric Syphilis 
Abscess 
Tumorous Growth Trauma 
 
In order to assist in remembering the most common presentations of scurvy, Agarwal et 
al. (2015:104) developed a mnemonic of the 4 H’s: hemorrhagic signs, hyperkeratosis, 
hematologic abnormalities, and hypochondriasis. In addition to this mnemonic, levels of vitamin 
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C within bodily fluids (e.g. plasma, urine, and leukocytes) can be tested in an attempt to confirm 
or exclude scurvy during a differential diagnosis (Agarwal et al., 2015). Agarwal et al. (2015) 
posit that the best way to diagnosis clinical scurvy is through both clinical methods and 
radiographic analysis. However, the differential diagnosis of scurvy can be time consuming, 
difficult, and invasive (Popovich et al., 2009), but it is the only one included in the differential 
diagnosis list that is resolved by administering vitamin C (Allgaier et al., 2012). Additionally, 
tests for other vitamin deficiencies should be performed along with tests for scurvy because of 
the concomitance of multiple vitamin deficiencies (Fossitt and Kowalski, 2014). A prompt and 
accurate diagnosis of scurvy is important because if left untreated it leads to death, either from 
infection or sudden death (Pimentel, 2003). 
Archaeological Evidence of Scurvy 
Although scurvy produces many symptoms while a person is living, the evidence of those 
symptoms is not always preserved after death and skeletonization. Therefore, when attempting to 
diagnose scurvy in archaeological populations, symptoms used for clinical diagnosis are largely 
not applicable. However, clinical knowledge of scurvy can provide information regarding 
possible locations on an archaeological skeleton that may present evidence of the disease and 
employing differential diagnostic protocols as used in clinical settings will aid in correctly 
identifying individuals who suffered from scurvy (Klaus, 2015). It has been found that 
intermittent or chronic cases of scurvy tend to leave skeletal markers of the disease that correlate 
with clinical data of vitamin C deficiency (Crandall and Klaus, 2014). The presence of abnormal 
porotic lesions in these clinically-specified locations and of a specific degree of severity are the 
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indicators used for the diagnosis of scurvy in archaeological populations (Bourbou, 2014; 
Brickley and Ives, 2006, 2008; Ortner and Ericksen, 1997; Ortner et al., 2001; Stark, 2014). 
Initially, the majority of archaeological cases of scurvy were reported in adults, however, due to 
the work of Ortner and his colleagues, most archaeological cases of scurvy are now found to be 
in juveniles (Brickley and Ives, 2008). Because of the rapid growth experienced by juveniles, 
scurvy-like lesions are more likely to be discernable on their skeletons as compared to adults 
(Ortner et al., 2001; Stark, 2014), with the majority of cases in juveniles being seen in 
individuals between 5 and 24 months of age (Bourbou, 2014). 
Abnormal porosity is the main indication of scurvy on skeletal remains, and periosteal 
new bone formation may accompany it (Brickley and Ives, 2008). In order for new bone 
deposition to occur in areas of sub-periosteal bleeding, however, the individual must ingest at 
least low levels of vitamin C in order for osteoid formation to resume (Brickley and Ives, 2008). 
Ortner et al. (2001:344) define abnormal porosity as “a localized condition in which fine holes, 
typically less than 1 mm in diameter, penetrate a compact bone surface.” This porosity is a result 
of chronic bleeding from blood vessels that developed defectively due to scurvy, which causes 
an inflammatory reaction in the bone and periosteum (Brickley and Ives, 2006; Ortner and 
Ericksen, 1997; Stark, 2014). The fine holes, or porotic lesions, that are found are the result of 
increased vascularization in the area in response to the inflammation (Bourbou, 2014). These 
porotic lesions are typically seen bilaterally in all elements in which they are present within an 
individual, but may differ in the severity of their presentation (Ortner and Ericksen, 1997; Ortner 
et al., 2001). 
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This porosity, however, must be distinguished from normal growth porosity, especially in 
juveniles (Ortner et al., 2001). Normal growth in juveniles is highly vascular, especially in long 
bone metaphyses (Scheuer and Black, 2000), resulting in what is considered to be normal 
porosity with holes being generally larger than 1 mm in diameter (Ortner et al., 2001). 
Individuals suffering from scurvy present with porotic lesions covering a much larger area than 
normal growth porosity. Ortner et al. (2001) found that normal porosity extends no more than 10 
mm from the metaphyseal end of a long bone. Porosity that extends beyond that can, therefore, 
be considered abnormal.  
Several researchers (e.g. Bourbou, 2014; Brickley and Ives, 2008; Klaus, 2015; Ortner 
and Ericksen, 1997; Ortner et al., 2001) have described locations typical of porotic lesions found 
in the skull that they have attributed to cases of scurvy (Table 8). Ortner and colleagues (e.g. 
Ortner and Ericksen, 1997; Ortner et al., 2001) have found that more often scurvy-like lesions 
appear in areas near the temporalis muscle. This includes the lateral portions of the greater wings 
of the sphenoid, the posterior maxilla, the internal surface of the zygomatic, and the medial 
surface of the coronoid process of the mandible (Netter, 2019). Due to the anterior deep temporal 
artery being situated between the bone and the temporalis muscle, bleeding from this artery can 
cause irritation and an inflammatory reaction in the corresponding bones (Ortner and Ericksen, 
1997). Bleeding from the posterior superior alveolar artery can also cause lesions on the 
maxillary alveolar bone superior to the molars (Ortner and Ericksen, 1997). Ortner and Ericksen 
(1997) have contributed lesions found in these areas to the trauma sustained by the blood vessels 
supplying the muscles used for chewing or nursing (e.g. temporalis muscle). They indicate that 
although limb and joint pain may decrease physical activity in advanced cases of scurvy, the 
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appetite is typically not greatly affected resulting in the use of the chewing muscles and agitation 
of the underlying blood vessels.  
 
Table 8: Cranial and postcranial locations of typical scurvy skeletal lesions (drawn from Brickley 
and Ives, 2006, 2008; Bourbou, 2014; Brown and Ortner, 2011; Ortner and Ericksen, 1997; 
Ortner et al., 2001). 
Cranial 
Parietal Occipital Frontal Temporal 
Greater Wing of 
Sphenoid 
Medial Coronoid 
Process of Mandible 
Alveola Superior to 
Molars 
Lateral Ramus of 
Mandible 
Hard Palate Posterior Maxilla Orbital Roof Internal Zygomatic 
Lateral Orbital Margin Infraorbital Foramen 
Postcranial 
Scapula - Supraspinous Fossa & Infraspinous Fossa 
Ilium 
Long Bones - Metaphyses; Occasionally Diaphysis 
 
Although the areas associated with the temporalis muscle appear to be the most often 
affected, additional locations on the cranium can present with porotic lesions (Table 8). The 
orbital area tends to be affected mainly on the roof (inferior frontal) and the lateral orbital 
margins of the zygomatic (Bourbou, 2014, Brickley and Ives, 2008; Ortner and Ericksen, 1997; 
Ortner et al., 2001). The same researchers have also found various instances of abnormal porotic 
lesions on the hard palate, around the infraorbital foramen of the maxilla, the lateral ascending 
ramus of the mandible, and other bones of the cranium (parietal, occipital, frontal, and temporal). 
The postcranial skeleton has also been found to be affected by abnormal porotic lesions 
attributed to scurvy, and which generally appear concurrently with those of the skull (Ortner et 
al., 2001). The most notable postcranial scorbutic lesions occur on the supra- and infra-spinous 
fossae of the scapula (Ortner et al., 2001). The main arteries that supply the scapular muscles, the 
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suprascapular artery and circumflex scapular artery, lie between the scapula and the muscles 
themselves (Netter, 2019). Since these arteries are weakened by vitamin C deficiency in scurvy-
afflicted individuals, the normal contractions of the scapular muscles could cause the already 
defective arteries to bleed (Ortner and Ericksen, 1997; Ortner et al., 2001). As with the area 
affected by the temporalis muscle, this bleeding could cause an inflammatory response in the 
bone and increased vascular activity leading to abnormal porotic lesions in the fossae (Ortner and 
Ericksen, 1997).  
Bourbou (2014) has found evidence that the ilium is also affected by scurvy. In her study 
of four juvenile skeletons found in Byzantine Crete, Greece, she found that one individual 
exhibited abnormal porotic lesions on the internal and external surfaces of both ilia. This finding 
of abnormal porotic lesions on the ilium has also been found by Brown and Ortner (2011).  
The long bones are also sites of possible abnormal porotic lesions, typically at the 
metaphyses (Ortner et al., 2001). Due to the rapidity with which juveniles grow, the periosteum 
can become less tightly attached to the bone which allows for subperiosteal hemorrhage and an 
inflammatory response by the body, especially at the metaphyses (Ortner and Ericksen, 1997). 
Additionally, periosteal new bone can be formed along the diaphyses of long bones, however, 
this typically does not occur when the body is completely devoid of vitamin C (Stark, 2014). 
This reactive bone formation occurs less often than does abnormal porosity (Ortner et al., 2001), 
though individuals who suffered from extreme cases of scurvy may be more likely to manifest 
this periosteal new bone growth (Brickley and Ives, 2006). When evaluating porosity on juvenile 
long bones, it is pertinent to keep in mind that the metaphyses are normally porous, and thus 
must be evaluated with the criteria previously discussed.   
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Differential Diagnosis and Difficulties in Diagnosing Archaeological Scurvy 
Differential Diagnosis 
There are a small number of conditions and diseases that may present similar skeletal 
manifestations as scurvy (Ortner et al., 2001). Because of these similarities, Klaus (2015) 
stresses the importance of using standardized anatomical terminology when describing skeletal 
lesions in order to limit interobserver error and ambiguity and increase cross-discipline 
credibility and comparability between samples. The conditions and diseases that present skeletal 
manifestations most similar to scurvy include normal growth porosity, acute infection, blood 
disorders, anemia, and rickets (Bourbou, 2015; Brickley and Ives, 2006; Brown and Ortner, 
2011; Klaus, 2015; Ortner and Ericksen, 1997; Ortner et al., 2001). The first, and least likely, is 
that the porotic lesions present may just be normal growth porosity; normal growth porosity, 
however, does not penetrate the cortical layer of bone as occurs with scurvy-like lesions 
(Brickley and Ives, 2006). An acute infection, such as osteomyelitis, may present similar lesions 
to scurvy, however, Brickley and Ives (2006) indicate that osteomyelitis tends to manifest on the 
diaphysis of long bones with periosteal new bone formation, which does not typically occur with 
scurvy. Brown and Ortner (2011) also state that some blood disorders, such as hemophilia, may 
present similar symptoms, but that these disorders usually affect the joints, which is rare for 
scurvy. They also state that the lesions found on the greater wing of the sphenoid are unlikely to 
occur in these types of blood disorders. 
The two most similar diseases to scurvy are anemia and rickets. These two, as well as 
scurvy, are diseases of malnutrition, and therefore may possibly be comorbid (Ortner et al., 
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2001). However, it is unlikely that more than one of them would present skeletal manifestations 
at the same time (Ortner et al., 2001). All three are capable of producing abnormal cranial 
porosity, increasing the importance of determining the type and distribution of the lesions present 
(Bourbou, 2014). Because of the bilateral nature and symmetry often expressed by scurvy 
lesions, thorough analysis of all available skeletal elements is essential in diagnosis (Brown and 
Ortner, 2011).  
Although both scurvy and anemia can cause cortical thinning and abnormal porosity of 
cortical bone (Brickley and Ives, 2006), it is still possible to differentiate between the two. Aside 
from orbital lesions, the distribution of scorbutic and anemic lesions is typically different (Brown 
and Ortner, 2011). Even in the orbits, severe anemia should be able to be differentiated from 
mild scurvy (Brickley and Ives, 2006). The main difference, however, is that anemia causes 
marrow hyperplasia, which is an enlargement of the marrow within the cranial bone leading to an 
enlarged diploe (Brickley and Ives, 2006; Brown and Ortner, 2011; Ortner et al., 2001). The 
lesions located on the greater wing of the sphenoid do not correspond well with this requirement, 
as this is not an area of the skull that would normally be a place for an increase in hematopoietic 
marrow (Ortner and Ericksen, 1997). Additionally, scurvy lesions are unlikely to appear isolated 
in the orbits (Brickley and Ives, 2006). 
Rickets has a similar morphology to scurvy within the orbits and ectocranial surfaces 
(Brickley and Ives, 2006), however, the porotic lesions tend to be very fine in nature in the 
cranium and ribs (Brown and Ortner, 2011). Additionally, Brown and Ortner (2011) have found 
that rickets can cause new bone growth endocranially as well, which is uncommon with scurvy, 
and that the porotic lesions from rickets are not as widespread. However, the main diagnostic 
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feature of rickets can be found in the postcrania. If present, the long bones, especially those of 
the legs, are often bowed, a symptom that does not occur in scurvy (Brown and Ortner, 2011). 
Due to the similarities in the diseases (especially scurvy, anemia, and rickets), a thorough 
analysis of all available skeletal elements is important in order to locate all porotic lesions. 
Identification of the cause of abnormal porotic lesions is unlikely to occur if only isolated bones 
are available for analysis (Brickley and Ives, 2006). Therefore, it is best to attempt a diagnosis of 
scurvy on individuals with complete or nearly complete skeletons, as other diseases have more 
concentrated areas of affectation while scurvy tends to manifest over multiple bones in multiple 
areas of the body. 
Difficulties in Diagnosing Archaeological Cases of Scurvy 
In addition to difficulties in completing a differential diagnosis for scurvy on skeletons, 
other complications exist in detecting this disease in archaeological populations. Ortner and 
Ericksen (1997:219) have defined four factors that inhibit interpretation of abnormal conditions 
of archaeological remains: 1) morphological similarities between different pathological 
processes, 2) differences between clinical presentations and archaeological presentations of a 
disease, 3) the inability of the researcher to know at what stage of disease progression the 
individual died, and 4) that different stages of different diseases may resemble one another.  
Although knowledge of scurvy dates back to ancient times (Pimentel, 2003), there is a 
lack of reported cases in the archaeological record, probably due to issues in recognizing the 
skeletal manifestations of scurvy and differentiating them from other similar diseases (Bourbou, 
2014; Crandall and Klaus, 2014), although this is changing. This overlapping of various diseases 
31 
 
makes determining an explicit link between skeletal manifestations and a specific dietary 
deficiency difficult, if not impossible (Ortner et al., 2001). Brickley and Ives (2006) believe that 
better understanding of the skeletal manifestations of scurvy in its different stages will assist in 
properly diagnosing the disease in the archaeological record.  
The incomplete nature of juvenile skeletons paired with preservation issues adds another 
level of difficulty in diagnosing scurvy in archaeological populations (Bourbou, 2014). For 
example, Ortner and colleagues (Brown and Ortner, 2011; Ortner and Ericksen, 1997; Ortner et 
al., 2001) posit that the most diagnostic element for determining scurvy is the greater wing of the 
sphenoid, however, this element is not always well-preserved in the archaeological record 
(Brickley and Ives, 2006). The Osteological Paradox (Wood et al., 1992) also influences possible 
diagnoses of scurvy. If individuals in the archaeological record with scurvy died before adequate 
skeletal markers manifested, they would not be included with those who exhibit the markers of 
scurvy, which would skew the demographics to depict a lower incidence of scurvy than actually 
occurred within the population (Ortner et al., 2001). 
Finally, Klaus (2015:2) states that “scurvy is one of the most challenging and nuanced 
disease conditions to diagnose in human skeletal remains.” It is this reason that he stresses the 
importance of proper and standardized anatomical terminology when diagnosing scurvy in 
archaeological populations. Klaus (2015) has provided three steps he believes will increase the 
accuracy of paleopathological diagnoses, reduce interobserver error in differential diagnoses, and 
increase the comparability between paleopathological studies. These three steps are: 1) a better 
understanding of the behaviors and biology of bone cells, 2) more precise description based on 
proper anatomical terminology, and 3) performing a systematic differential diagnosis by 
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applying the manifested skeletal lesions to all the possible diagnoses and ruling them out one by 
one (Klaus, 2015) (Figure 2). 
 
 
Figure 2: Simple flow chart showing the three steps posited by Klaus (2015) to provide a more 
accurate and robust differential diagnosis that can be used for various paleopathological 
analyses, including the diagnosis of scurvy. 
 
Stable Isotopic Analysis 
Isotopes are atoms of an element with the same number of protons and electrons but a 
different number of neutrons (DeNiro, 1987). The positively charged protons and electrically 
neutral neutrons reside in the nucleus with the negatively charged electrons orbiting them 
(Pollard et al., 2007). The number of protons and neutrons within the nucleus determines the 
atomic mass of the atom. However, it is the number of protons that determines the chemical 
characteristics of the atom and is used to differentiate between elements (Pollard et al., 2007).  
Increased understanding 
of normal vs. abnormal 
behavior and biology of 
bone 
Increased precision in 
lesion description based 
on use of proper 
anatomical terminology 
Systematic differential 
diagnosis by application 
of lesions to possible 
diseases 
More precise and 
accurate diagnosis of 
archaeological diseases 
Step 1 Step 2 
Step 3 
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Many of the elements have multiple stable (nonradioactive) isotopes that contain the 
same number of protons but differing numbers of neutrons within their nucleus, though some 
like phosphorus may only have one stable isotope (DeNiro, 1987; Lambert, 1997). Stable 
isotopes can be used to test a variety of questions related to past diet, demography, and life 
history, with those of carbon and nitrogen being used most often in studies involving diet 
reconstruction because of their abundance in foodstuffs (Katzenberg, 2008).  
Because of the differences in weight (mass) of isotopes, the speed in which they react 
chemically also differs (DeNiro, 1987; Katzenberg, 2008). Isotopes that contain more neutrons 
are heavier (have a larger mass) and thus react more slowly than the lighter isotopes 
(Katzenberg, 2008; Lambert, 1997). This difference in mass, and thus reaction time, leads to 
fractionation, “which occurs when the isotope ratios of the products of a reaction or series of 
reactions differs from the ratios of the reactants” (DeNiro, 1987:182). This fractionation is what 
allows researchers to address research questions using stable isotopic analyses (Katzenberg, 
2008). 
Stable isotope values are represented as a ratio of the sample fractionation to the 
fractionation of an internationally accepted standard (DeNiro, 1987; Katzenberg, 2008). The 
international standard to which carbon values are compared is the PeeDee Belemnite Carbonate 
(PDB) while the nitrogen standard is atmospheric nitrogen (AIR – ambient inhalable reservoir) 
(DeNiro, 1987; Katzenberg, 2008; Schoeninger and Moore, 1992). The following equations are 
used to determine the delta (δ) value of the sample compared to the standard in parts per 
thousand (“per mil”, represented by ‰) for carbon (Equation 1) and nitrogen (Equation 2) 
(DeNiro, 1987; Katzenberg, 2008; Schoeninger and Moore, 1992): 
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‰ ( 1 ) 
‰ ( 2 ) 
 
The ratios derived from the previous equations are presented in parts per thousand in 
order to assist the researcher in distinguishing pertinent patterns and relationships due to the 
inherently small differences in the sample to standard ratios (Lambert, 1997). The mathematical 
sign preceding the value produced from the above equations helps to determine whether the 
sample contains more or less of the heavier isotope in comparison with the standard. If a 
negative value is produced this shows the sample is isotopically lighter than the standard, and 
contains less of the heavier isotope (e.g. 13C or 15N), and vice versa (Pollard et al., 2007; 
Schoeninger and Moore, 1992). If the equation were to produce a value of zero, this would mean 
the sample and standard were the same. 
Carbon Stable Isotopes 
Carbon has two stable isotopes: 12C and 
13C (Lambert, 1997; Pollard et al., 2007; 
Schoeninger and Moore, 1992). The lighter isotope, 12C, makes up approximately 99% of natural 
carbon, while 13C comprises the remaining approximately 1% (Lambert, 1997). The different 
masses of these two isotopes plays a role in the types of plants that use them during 
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photosynthesis, and can help to distinguish between the plant types (DeNiro, 1987; Katzenberg, 
2008). There are three different types of plants and their corresponding photosynthetic pathways: 
C3, C4, and CAM (crassulacean acid metabolism) (Schoeninger and Moore, 1992).  
C3 plants make up the majority of plants that are used for food, including wheat, rice, 
beans, tubers, and nuts (DeNiro, 1987). These plants prefer to use the lighter, 12C isotope during 
photosynthesis (Katzenberg, 2008). This plant type gets its name by the first product it creates 
during photosynthesis, which is comprised of three carbon atoms (Schoeninger and Moore, 
1992). C3 plants have a δ13C value that ranges between -20 to -35‰, which is quite a bit lighter 
than the international standard (Katzenberg, 2008).  
C4 plants include such plants as maize, sorghum, millet, and sugar cane (Schoeninger and 
Moore, 1992). These plants use the heavier 13C isotope more readily, and as a result they are 
isotopically heavier than the C3 plants (Katzenberg, 2008). For these plants, the first product of 
photosynthesis creates a compound of four carbon atoms, thus giving them their name 
(Schoeninger and Moore, 1992). The δ13C value of C4 plants is typically between -9 and 14‰ 
(Katzenberg, 2008). Because the δ13C of C3 and C4 plants do not overlap, it is possible to 
distinguish their consumption through isotopic analysis (Katzenberg, 2008). 
The CAM plants include plants such as agave, yucca, pineapple, and prickly pear 
(DeNiro, 1987). These plants are able to use both the C3 and C4 photosynthesis pathways 
depending on the climate; when it is hot and arid, the plants will switch to the C4 pathway 
(Schoeninger and Moore, 1992). Since these plants switch back and forth between the different 
pathways, their δ13C values are intermediate between the C3 and C4 pathways (Katzenberg, 
2008).  
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Stable carbon isotopes can be used to help differentiate between a terrestrial and marine 
based diet (Katzenberg, 2008). The major source of carbon for terrestrial plants is atmospheric 
CO2 while carbonate within the ocean is the main source for marine plants (Katzenberg, 2008; 
Schoeninger and Moore, 1992). Because marine carbonate has a δ13C value of 0‰ while 
atmospheric CO2 is approximately -7‰, it may be possible to distinguish individuals subsisting 
on mainly marine lifeforms from those that survive on terrestrial lifeforms (Katzenberg, 2008), 
though marine and terrestrial plant life can have overlapping δ13C values (Schoeninger and 
Moore, 1992). A note must be made, however, that prior to the Industrial Revolution, the 
atmospheric CO2 was slightly more positive, with δ13C values around -5 to -6‰ (DeNiro, 1987). 
This information is taken into account when analyzing populations that date to prior to the 
Industrial Revolution. 
Nitrogen Stable Isotopes 
Nitrogen, like carbon, has two stable isotopes: 14N and 15N, with the lighter isotope (14N) 
making up approximately 99.6% of naturally available nitrogen and the heavier isotope (15N) the 
remaining 0.4% (Pollard et al., 2007). Nitrogen isotope systematics are not as well understood as 
that of carbon, but it has been found useful in dietary reconstructions (Pollard et al., 2007). The 
isotopes of nitrogen divide plants into two categories: legumes and nonlegumes (DeNiro, 1987). 
In addition, trophic levels have an influence on nitrogen isotopes within tissues (Katzenberg, 
2008).  
Legumes are able to fix nitrogen without fractionation, resulting in a δ15N value that is 
close to the international standard (DeNiro, 1987; Lambert, 1997). The standard used for 
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nitrogen isotopic evaluation is atmospheric nitrogen (AIR), which is set at 0‰ for δ15N 
(Lambert, 1997). Legumes are capable of utilizing N2 from the atmosphere and soil which results 
in a near 0‰ value (DeNiro, 1987). Nonlegumous plants have a slightly higher δ15N of 
approximately 3-10‰, and are only able to acquire nitrogen from soil sources (DeNiro, 1987; 
Katzenberg, 2008). The δ15N values of soil nitrogen are more positive than atmospheric N2, 
which causes nonlegumous plants to have higher δ15N values than legumes (DeNiro, 1987). 
When an animal feeds on these nonlegumous plants, they experience an increase in their own 
δ15N values (9-13‰); likewise, when a carnivore feeds on those animals, their δ15N increases as 
well (13-16‰) (Katzenberg, 2008; Lambert, 1997). Each successive step up in the food chain 
equates to an increase of approximately 3‰ to δ15N values (Milner et al., 2004). 
This food-chain effect of successively increasing δ15N values is referred to as trophic 
effect (Katzenberg, 2008). It is through analysis of this trophic effect that nitrogen isotopes can 
be used to study past diets. In addition to determining which trophic level an organism inhabits, 
δ15N can also distinguish between terrestrial and marine diets (Pollard et al., 2007). Because the 
trophic chain of marine animals is much longer than that of terrestrial animals, it is possible to 
distinguish the δ15N values of humans who consumed primarily marine resources from those 
who consumed primarily terrestrial resources (Pollard et al., 2007). The mean δ15N for terrestrial 
mammals and birds is approximately +5.9‰ while the mean δ15N for marine mammals is 
+15.6‰ (Pollard et al., 2007). It has been found that humans who consume mainly marine 
resources have δ15N values that range between +17 and +20‰, which can be distinctly 
distinguished from those that rely mainly on terrestrial resources with δ15N values between +6 
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and +12‰, though the processes behind this trophic level enrichment are not fully understood 
(Honch et al., 2012; Pollard et al., 2007; Stevens et al., 2010).  
In addition to influences from resources, δ15N values have also been found to be 
influenced by environmental and physiological factors (Webb et al., 2015). For example, arid 
environments can cause an enrichment of 15N levels in the animals living there (Dupras and 
Schwarcz, 2001; Hedges and Reynard, 2007). This enrichment of 15N values is attributed to 
water stress, as Heaton et al. (1986) found that herbivores living in areas of less rainfall had 
enriched 15N values when compared to those living in areas of more rainfall. Several theories 
have been suggested for the cause of this enrichment, extending from being the result of a 
biological process within the animal itself (Heaton et al., 1986) to increased excretion of 15N-
depleted urea (Ambrose and DeNiro, 1987) to a domino-type effect of 15N enriched plants in arid 
regions (Schwarcz et al., 1999). Whatever the ultimate cause of this 15N enrichment, it has been 
well-documented that populations living in an arid environment tend to show an increased level 
of 15N when compared to those living in areas with more precipitation.  
Mekota et al. (2009) also found that physiological stress, such as created during a 
starvation period, can cause an increase in the amount of 15N retained by the body. The bonds of 
14N are more easily broken causing it to be more readily excreted by the body, especially during 
times of physiological stress, and thus causing an enrichment of 15N within the body (Katzenberg 
and Lovell, 1999). In addition to nutritional stress, pathological diseases have also been shown to 
affect δ15N values (Table 9). Due to these potential influences on δ15N values, care must be taken 
when analyzing nitrogen isotopic data in order to not overestimate the influence of the diet on the 
values, especially when evidence of disease or illness is present.  
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Table 9: Studies of pathological diseases and their effects on δ15N values. 
Study Pathology Result 
White and 
Armelagos, 
1997 
Osteopenia 
Pathological individuals have significant increase 
in δ15N values 
Katzenberg 
and Lovell, 
1999 
Osteomyelitis Increased δ15N values at lesion sites 
Strange, 2006 Tuberculosis 
Statistically significant differences between 
pathological and non-pathological intra-skeletal 
vertebrae δ15N values 
Olsen, 2013 
Osteomyelitis 
Significant increase in δ15N values between intra-
skeleton lesion site and distant bone 
Degenerative Disease 
(osteophytes) 
Significant increase in δ15N values between intra-
skeleton lesion site and distant bone 
Fracture Trauma Significant increase in δ15N values at fracture site 
Periostitis 
No statistically significant difference found in δ15N 
values 
Metabolic Disorder 
(Rickets/Osteomalacia) 
No statistically significant difference found in δ15N 
values 
D'Ortenzio et 
al., 2015 
Long-term Terminal 
Illness (Cancer) 
Elevation of δ15N values and high trichogram rates 
in hair samples 
Short-term 
Illness/Sudden Death 
(Pneumonia/Stroke) 
Little variation in δ15N values and normal 
trichogram rates in hair samples 
Infection 
Elevation of δ15N values and high trichogram rates 
in hair samples 
Fractures 
Elevation of δ15N values and high trichogram rates 
in hair samples 
 
The last two factors affecting δ15N values are important aspects in regards to the research 
conducted for this study because they are both present in the individuals being analyzed. The 
Dakhleh Oasis is an arid environment with little to no rainfall, and the juveniles being examined 
exhibited skeletal manifestations of illness at the time of their deaths. 
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Tissues Used in Stable Isotope Analysis 
A variety of tissues can be used when conducting stable isotope analyses on humans (e.g. 
bone, teeth, hair, skin, etc.) (Williams, 2008). The first tissue used in isotopic studies in 
archaeology was bone (Katzenberg, 2008). Since bone is one of the best-preserved bodily 
tissues, it is the most used (Schoeninger and Moore, 1992). Bone is composed of inorganic and 
organic material (Katzenberg, 2008). The inorganic portion is in the form of the mineral 
hydroxyapatite while the organic portion is made of protein, mainly collagen (Lambert, 1997). 
Although collagen is the first portion of bone to degrade, it is still robust enough to allow for 
collagen collection in archaeological populations (Katzenberg, 2008). The collagen portion of 
bone can be used to test both carbon and nitrogen stable isotopes, while the hydroxyapatite 
portion can be used for carbon isotope testing, along with others such as oxygen and strontium 
(Katzenberg, 2008). Bone is considered to provide information about an individual from the last 
10-20 years of their life due to the slow turnover rate of the tissue (Katzenberg, 2008); however, 
the rate of turnover can be considerably faster in juveniles (Kinaston et al., 2009). The mineral 
component of bone, when tested for carbon isotopes, is considered to provide an assessment of 
an individual’s overall diet, whereas the collagen portion represents the protein intake 
(Schoeninger and Moore, 1992). 
Hair is another tissue that can be used in isotopic analyses. Hair fibers are composed of 
the protein keratin (Lubec, 1987) and can be used for both stable carbon and nitrogen isotope 
analyses (O’Connell and Hedges, 1999). Hair isotopic values have been found to be similar to 
those found in bone collagen, and likewise, represent the dietary protein values (O’Connell et al., 
2001). The nature of hair growth allows for even more defined timelines of isotopic values. 
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Because hair grows approximately 0.35 millimeters every day (~1 centimeter per month) and 
does not go through the process of biogenic turnover, samples can be sequentially segmented in 
order to acquire information from the last several months of an individual’s life dependent upon 
the length of the hair (Barth, 1986; O’Connell and Hedges, 1999; Pollard et al., 2007). 
Hair passes through three growth phases before it is shed from the scalp: anagen, catagen, 
and telogen (Ebling, 1988; Kligman, 1959; Westgate et al., 2013). The anagen phase is a period 
of active growth within the hair follicle that causes the hair fiber to become longer, with this 
stage lasting between two to eight years in scalp follicles (Paus and Cotsarelis, 1999). The 
catagen phase, averaging one to three weeks, is when growth of the hair fiber ceases and is 
characterized by involution of the follicular bulb, cessation of melanin synthesis, separation of 
the dermal papilla from the hair fiber, and the formation and upward movement of the club hair 
(Ebling, 1988; Kligman, 1959; O’Connell and Hedges, 1999; Saitoh et al., 1970; Williams et al., 
2011). The telogen phase is a resting phase in which the club hair remains in the epithelial sac 
where it awaits shedding during subsequent anagen phases or is shed during combing of the hair 
(Paus and Cotsarelis, 1999; Williams et al., 2011). Only hair in the anagen phase registers an 
individual’s isotopic signatures around their time of death since those in the catagen and telogen 
phases are no longer physiologically active. It is estimated that approximately 85-90+% of scalp 
hair is in the anagen phase at any given time with the remainder in the telogen and catagen 
phases (Dawber and Van Neste, 2004). It is important, therefore, to use only hair that is in the 
anagen phase when examining isotopic signatures on a “timeline” basis, such as when analyzing 
diet in the last months prior to death (Williams et al., 2011). 
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The maximum number of scalp hair follicles for any individual is set at approximately 22 
weeks gestation and under normal circumstances no new follicles are added during adult life, 
although the number may decrease with advancing age (Dawbers and Van Neste, 2004). The 
average adult human has approximately 100,000 scalp hair follicles (Dawbers and Van Neste, 
2004), meaning that at any given time approximately 85,000 to 90,000 are in the anagen growth 
phase. However, several factors may alter hair’s growth cycle causing the distribution of the 
phases to be different from a “normal” individual. These include intrinsic (e.g. various growth 
factors, specific hair follicle structures, cytokines, and genes), hormonal (e.g. thyroxine and 
steroids such as estrogens and androgens) seasonal (e.g. change from spring to fall/winter), and 
systemic modulators (e.g. severe infection, major trauma, critical illnesses such as renal or liver 
disease, and vitamin deficiencies) (Ebling, 1988; Williams, 2008, Williams et al., 2011). 
Williams et al. (2011) found that the isotopic signature in mixed-phase hair is approximately 0-3 
months delayed when compared to anagen phase hair from the same individual, and stressed that 
hair phases should be taken into consideration in hair isotopic analyses performed on individuals 
with a high telogen phase percentage. 
Skin, which is part of the integumentary system (i.e. the outermost organ system of the 
body), is another tissue that provides isotopic information from a relatively short time period 
before death (Scanlon and Sanders, 2007; White et al., 1999; Williams, 2008). Skin is composed 
of two main layers, the epidermis and the dermis, with a third layer, the hypodermis, often 
included with them (Freinkel and Woodley, 2001; Haake et al., 2001; Scanlon and Sanders, 
2007). The main functions of human skin include protection of the individual from the outside 
environment and other organisms (e.g. bacteria), regulation of internal body temperature, 
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maintaining proper body water amounts, and sexual attraction to aid in procreating the species 
(Forslind and Lindberg, 2004; Freinkel and Woodley, 2001; Scanlon and Sanders, 2007).  
The three layers of skin are composed of differing majorities of cell types. The 
hypodermis, the inner-most layer of skin, connects the dermis and epidermis to the underlying 
muscle and is composed of areolar connective tissue and adipose tissue (Scanlon and Sanders, 
2007). Together these tissues contain collagen, elastin, white blood cells, mast cells, and are rich 
in adipose cells, or fat (Haake et al., 2001; Scanlon and Sanders, 2007). The outer-most layer, the 
epidermis, is composed of keratinocytes, Langerhans cells, melanocytes, and Merkel cells, with 
the keratinocytes comprising approximately 90-95% of the epidermal cells (Haake et al., 2001). 
The middle layer, the dermis, is composed of non-parallel fibers of connective tissue containing 
collagen and elastin producing fibroblasts (Scanlon and Sanders, 2007). This layer is pliable and 
provides protection from injuries, as well as houses many accessory structures such as sensory 
receptors and hair follicles (Haake et al., 2001). Since collagen comprises approximately 75% of 
the dry weight of skin, with 80-90% of this being Type I collagen (Haake et al., 2001), this layer 
is most useful in stable isotopic research involving skin (White and Schwarcz, 1994).  
Skin, mainly composed of collagen, also includes keratin protein and anywhere from 0.3 
to 19% lipids (White, 1991), and therefore represents the protein portion of diet as in other 
tissues such as bone. Dermal collagen protein has a turnover rate of approximately 2% per day 
(El-Harake et al., 1998), resulting in the δ13C and δ15N values in skin most likely representing the 
last 1 to 1½ months before death (Williams, 2008). Previous studies have indicated that skin is 
enriched in 13C by +1-4‰ and 15N by approximately +5‰, relative to dietary protein (White, 
1991; White et al., 1999). 
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Fingernails and toenails, like hair and skin, provide isotopic information from a relatively 
short period of time before death (White and Schwarcz, 1994; Williams, 2008). Nails function to 
protect the ends of the fingers and toes and aid in dexterity (Scanlon and Sander, 2007). The 
whole nail unit can be divided into several different components (Levit and Scher, 2001), with 
the nail plate being of particular interest in isotopic studies (Grolmusová et al., 2014; Williams, 
2008). The nail plate is composed of organic and inorganic components, with the organic 
components being made up of carbon, nitrogen, and sulfur, while the inorganic components 
include trace elements and electrolytes (Levit and Scher, 2001). Additionally, the nail plate can 
include anywhere from 10 to 30% water, dependent upon relative humidity (Levit and Scher, 
2001).  
The nail plate is produced from cells in the nail matrix, located at the base of the nail 
plate, that produce keratin proteins, subsequently die, and then become keratinized (Scanlon and 
Sanders, 2007). These keratins include multiple different types that are differentiated by their 
isoelectric points (acidic vs. basic), and whether they are ‘hard’ or ‘soft’ (Levit and Scher, 2001). 
‘Soft’ keratins are those that are also produced in the epidermal cells of skin and are more easily 
solubilized, while ‘hard’ keratins are not soluble under the same conditions (Levit and Scher, 
2001). It is these keratinized cells that become the nail plate that overlies the nail bed and matrix 
(de Berker, 2013).  
The rate at which nails grow is dependent upon multiple factors (Levit and Scher, 2001; 
Scanlon and Sanders, 2007), and much research has been done on nail growth rates and the 
effects of different factors on their growth (e.g. Bean, 1980; Gilchrist and Buxton, 1939; 
Hamilton et al., 1955; Orentreich et al., 1979; Wu et al., 2012). On average, fingernails grow at a 
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quicker rate than toenails (Levit and Scher, 2001). In a healthy adult, fingernails grow 
approximately 3 mm per month, with toenails growing half as slow at approximately 1.5 mm per 
month (Levit and Scher, 2001; Scanlon and Sanders, 2007). Nail growth rates in juveniles is 
somewhat quicker than adults, and slows down as age progresses (Hamilton et al., 1955). 
Although this method of longitudinal length is typically used to calculate nail growth, the 
calculation of nail plate thickness, which can vary from 0.6 to 1 mm, should also be considered 
in order to attain a complete picture of nail growth (de Berker, 2013; Levit and Scher, 2001). 
Inter-tissue Spacing 
 Fractionation, as explained previously, causes the stable carbon and nitrogen isotopes 
taken into the body through diet to differ from those of the diet as well as from tissue to tissue 
(DeNiro and Epstein, 1978; Krueger and Sullivan, 1984; Lee-Thorp et al., 1989; Norris, 2012; 
Williams, 2005). This is referred to as diet-tissue spacing and inter-tissue spacing. Diet-tissue 
spacing was briefly described above. However, inter-tissue spacing is also of importance to this 
study due to the use of multiple tissues during analysis.  
 Studies investigating inter-tissue spacing were first conducted as controlled feeding 
experiments on animals (e.g. Ambrose and Norr, 1993; DeNiro and Epstein; 1978, Krueger and 
Sullivan, 1984; Tieszen et al., 1983), with studies involving humans following (e.g. Finucane, 
2007; O’Connell et al., 2001). These initial studies found that different tissues within the 
organisms studied were either enriched or depleted in δ13C and δ15N relative to each other and 
their diet. These findings led researchers to determine that multiple tissues, whenever possible, 
should be utilized in paleodietary studies in order to better determine the dietary components 
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(DeNiro and Epstein, 1978). Additionally, several factors have been found that affect inter-tissue 
spacing, including the protein structures of the individual tissues analyzed, the different amino 
acid make-up of the proteins and their subsequent fractionation, the different turnover rates for 
tissues, different fractionation effects from the diet, and age (Ambrose and Norr, 1993; Corr et 
al., 2009; Norris, 2012; O’Connell et al., 2011; Williams et al., 2011). 
 Detailed studies conducted by Williams (2005) and Norris (2012) have further analyzed 
inter-tissue spacing (Δ) in humans, including in hair, nail, and skin. Williams (2005) found that 
fractionation does exist among bone collagen, hair, skin, and nails (Table 10). Norris (2012) also 
found that differences in tissue spacing exist between the 1 to 4 year (C1), 5 to 10 year (C2), and 
11 to 15 year (C3) age cohorts within the Kellis 2 cemetery in regards to δ13C values (Table 11). 
 
Table 10: Inter-tissue spacing (Δ) of δ13C and δ15N values found by Williams (2005) for tissues 
that are relevant to this study. 
 ΔBC-H ΔBC-N ΔBC-S ΔH-N ΔH-S ΔS-N 
δ13C 1.9 ± 1.4‰ 2.0 ± 1.1‰ 0.2 ± 1.0‰ 0.4 ± 1.0‰ 1.6 ± 1.9‰ 1.8 ± 1.1‰ 
δ15N 0.5 ± 1.3‰ 0.6 ± 1.2‰ -3.0 ± 1.1‰ -0.7 ± 1.1‰ 2.5 ± 1.7‰  1.4 ± 1.7‰ 
 
 
Table 11: Inter-tissue spacing (Δ) of δ13C values found by Norris (2012:48) in juveniles from the 
Kellis 2 cemetery, divided by age cohort. 
 ΔBC-H ΔBC-N ΔBC-S ΔH-N ΔH-S ΔS-N 
Overall 0.94 ± 0.14 1.52 ± 0.16 1.46 ± 0.21 0.58 ± 0.10 0.52 ± 0.17 0.06 ± 0.18 
C1 0.72 ± 0.29 1.47 ± 0.30 1.31 ± 0.33 0.75 ± 0.14 0.59 ± 0.19 0.16 ±0.21 
C2 0.98 ± 0.11 1.39 ±0.16 1.40 ±0.42 0.41 ±0.14 0.42 ± 0.41 0.01 ±0.43 
C3  1.49 ± 0.44 2.14 ± 0.49 2.10 ± 0.59 0.65 ± 0.26 0.61 ±0.42 0.04 ±0.47 
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CHAPTER 3: MATERIALS AND METHODS 
Materials 
Skeletal Sample and Age Cohorts 
 A total of 148 juveniles from 24 weeks gestation to 15 years of age were selected for 
inclusion in this study. Of these, 31 were chosen for inclusion due to the availability of skeletal 
pathological information indicating possible scurvy status and the presence of at least one of the 
four tissues analyzed in this study. The remaining 117 juveniles were chosen for inclusion 
because they did not exhibit skeletal indicators of scurvy and had at least one of the four tissues 
analyzed in this study. Each individual contributed at least one tissue from bone collagen, hair, 
nail, or skin, with multiple juveniles contributing two or more tissues. A total of 25 juveniles 
contributed bone collagen samples, 133 contributed hair samples divided in up to three segments, 
54 contributed proximal nail segment samples, and 78 contributed skin samples (Appendix A). 
All individuals were previously divided into six age categories as follows: fetal (21-36 
weeks gestation), perinatal (37-40 weeks gestation), neonatal (41 weeks gestation to 12 months), 
C1 (13 months to 4 years), C2 (5 to 10 years), and C3 (11 to 15 years) (Wheeler, 2009; Williams, 
2008), with the fetal and perinatal categories being combined for this study. The fetal and 
perinatal (F&P) cohort contained 37 juveniles, the neonatal cohort contained 49 juveniles, the C1 
cohort contained 33 juveniles, the C2 cohort contained 17 juveniles, and the C3 cohort contained 
12 juveniles (Table 12). 
48 
 
Table 12: Number of juveniles in each age cohort, divided by scurvy status and the total number 
of juveniles. 
Age 
Cohort 
Scurvy 
(n) 
Non-scurvy 
(n) 
Total 
(n) 
F&P 2 35 37 
Neonatal 12 37 49 
C1 9 24 33 
C2 5 12 17 
C3 3 9 12 
 
Scurvy and Non-scurvy Sample 
 This study consists of two groups of samples, one which contains juveniles with skeletal 
indications of scurvy and one which contains juveniles with no skeletal indications of scurvy. 
For the purposes of this thesis, these two groups will be known as the scurvy and non-scurvy 
cohorts, respectively. The scurvy cohort is comprised of 31 juveniles with ages ranging from 39 
weeks gestation to 15 years. The non-scurvy cohort consists of 117 juveniles with ages ranging 
from the 24 weeks gestation to 15 years. Each tissue included in this study contains both scurvy 
and non-scurvy juveniles (Table 13). 
 
Table 13: Number of scurvy and non-scurvy juveniles within each tissue analyzed in this study. 
Tissue Scurvy (n) Non-scurvy (n) Total 
Bone Collagen 11 14 25 
Hair 21 112 133 
Nail 10 44 54 
Skin 19 59 78 
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Osteological Analysis 
 Osteological analysis of the juvenile skeletal remains was undertaken by Dr. Sandra 
Wheeler (2009). Field notes, photographs, and the presence of paleopathological conditions were 
shared with the author for this study via personal communications. Determinations of the 
possible presence of scurvy were made by Dr. Wheeler following the methods outlined in 
published literature on archaeological scurvy (e.g. Brickley and Ives, 2008, 2006; Ortner and 
colleagues, 2001, 1997). Lesions considered to be pathognomonic of juvenile scurvy in this 
sample are largely cranial and include cribra orbitalia and new bone formation in the orbits; 
abnormal pitting on the lateral and orbital surfaces of the greater wings of the sphenoid, 
zygomatic, posterior maxilla, and anterior mandible; as well as fine layers of new bone formation 
on the inferior aspect of the mandibular ramus. Some individuals also exhibit endocranial new 
bone formation and abnormal pitting on the superior and inferior scapular spines. Table 14 
indicates the individuals within the sample that exhibit skeletal lesions associated with possible 
scurvy. Appendix B details the skeletal elements affected while photographs of select skeletal 
lesions indicating scurvy can be found in Appendix C. 
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Table 14: Individuals within this study exhibiting skeletal indicators of scurvy, including their 
age category. 
Burial ID Age Category1 Scurvy Status2 
3 C1 Possible 
24 C2 Possible 
74 Neo Possible 
258 C2 Possible 
260 C3 Possible 
290 C3 Possible 
295 C3 Possible 
299 C1 Possible 
326 C1 Possible 
328 C1 Possible 
336 C2 Possible 
347 Neo Possible 
351 C1 Possible 
353 Neo Maybe 
356 Neo Possible 
359 C2 Possible 
383 C1 Possible 
390 Neo Possible 
404 Neo Possible 
419 F&P Maybe 
449 F&P Possible 
519 C1 Possible 
520 C2 Possible 
545 Neo Possible 
560 C1 Possible 
565 Neo Possible 
575A Neo Possible 
590 Neo Possible 
617 C1 Possible 
622 Neo Possible 
626 Neo Maybe 
1Age categories: F&P:16 to 40 weeks gestation; Neo: 41 weeks gestation 
to 12 months; C1: 1 to 4 years; C2: 5 to 10 years; C3:11 to 15 years 
2Degree to which individual has skeletal indicators of scurvy or other 
metabolic bone disease, with “possible” indicating a stronger degree of 
possibility. 
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Isotopic Sample Prepared by the Author 
A total of 43 samples of juvenile tissues from the Kellis 2 cemetery were prepared by the 
author for inclusion in this research. Each individual was represented by at least one tissue type 
(bone collagen, hair, skin, and/or nails), with multiple individuals being represented by multiple 
tissues. Bone collagen was extracted from 24 individuals, with 20 individuals providing enough 
collagen for isotopic testing, per laboratory regulations. Hair samples were taken from seven 
individuals in 1cm increments starting at the scalp end of the hair. Four individuals provided two 
consecutive hair segments, while the remaining three individuals provided one hair segment, 
resulting in a total of eleven hair samples. These samples were labeled with a “-1” or “-2” at the 
end of their sample ID to indicate the hair segment (i.e. “-1” indicated the centimeter closest to 
the scalp and “-2” indicated the next centimeter segment along the hair shaft). One skin sample 
each from five individuals was also prepared for isotopic analysis. Finally, one proximal 
fingernail sample from three individuals was also prepared for analysis. The burial ID numbers 
and tissues prepared for isotopic analysis by the author can be found in Table 15. 
 
Table 15: Burial ID numbers and tissues prepared for isotopic analysis by the author. 
Burial ID 
Number 
Tissues 
Bone Collagen 1st Hair Segment 2nd Hair Segment Nail Skin 
3         x 
23 x         
38 x         
74   x       
187 x         
260 x         
290   x x x x 
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Burial ID 
Number 
Tissues 
Bone Collagen 1st Hair Segment 2nd Hair Segment Nail Skin 
295 x         
299 x         
325 x         
326 x         
331 x         
336 x         
353       x   
359 x         
383   x x     
390         x 
404       x   
419         x 
435 x         
436 x         
449 x         
464 x         
490 x         
520 x         
525 x         
545 x         
551 x         
558 x         
565 x x       
575A         x 
582 x         
590 x x       
617   x x     
622   x x     
 
In addition to the samples prepared by the author, isotopic data from Williams (2008) 
was also used. The isotopic data from Williams (2008) represents both wholly distinct 
individuals from and additional data for some of those individuals prepared by the author. The 
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preparation methods used for those samples can be found in Williams (2008:81-84, 121-123). 
Appendix A lists all individuals and their respectively supplied tissues utilized in this study. 
Methods 
Collagen Extraction from Bone 
 A modified version of the Longin (1971) method was used to extract collagen from the 
24 bone samples prepared by the author. This method has been followed by several recent 
studies (e.g. East, 2015; Page, 2014; Rumberger, 2016).This sample preparation was completed 
at the Laboratory for Bioarchaeological Sciences at the University of Central Florida. The 
samples were processed in two separate batches, however, the procedure used for each batch was 
the same. 
All samples were individually weighed prior to cleaning to obtain approximately 1.0 g of 
bone (Figure 3). All of the samples were mechanically broken into pieces small enough to fit into 
a 50 ml centrifuge tube and covered by approximately 10 ml of liquid. After being placed in the 
centrifuge tubes, the samples were covered with distilled water and ultrasonicated for 10 minutes 
(Figure 4). This cleaning step was repeated until the decanted water was clear and the bone 
samples appeared clean. The samples were left uncapped in the centrifuge tubes overnight in a 
60° Celsius oven to dry. Once dry, the sample were capped and placed on the counter overnight 
to cool. Once fully cooled the weight of each sample was taken and recorded for each individual.  
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Figure 3: Photograph of whole tibia being weighed during first step of collagen extraction. 
 
 
Figure 4: Photograph of samples being cleaned by ultrasonication. 
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The samples then underwent lipid extraction. Approximately 10 ml of 2:1 
chloroform:methanol solution was added to each centrifuge tube, the tubes were capped, and 
placed in a fume hood for approximately 20 minutes. The tubes were then balanced with distilled 
water and spun in a centrifuge at 2400 rpm for 10 minutes. The solution was pipetted off and 
disposed of in a waste jar. This step was repeated two more times. After the final removal of the 
2:1 chloroform:methanol solution, the samples were placed in a fume hood, uncapped, over a 
weekend to fully dry.  
 Once dry, approximately 10 ml of 0.5M hydrochloric acid (HCl) was added to each tube. 
The tubes were capped and placed in a fume hood overnight (Figure 5). The following day the 
tubes were balanced and spun in a centrifuge at 2400 rpm for 10 minutes, the 0.5M HCl was 
removed, and approximately 10 ml of new 0.5M HCl was added to each tube, and they were 
placed in a fume hood. The concentration of HCl was changed to 0.25M after two days due to 
the speed at which demineralization seemed to be occurring. This step was repeated for all 
samples in batch 1 until demineralization was completed, which ranged from 4 to 10 acid 
exchanges and 7 to 15 days. The samples in batch 2 went through the same procedure with the 
exception of 0.25M HCl acid being used for the entirety of the demineralization process, which 
ranged from 9 to 20 exchanges (11 to 50 days) with the majority requiring only 9 acid 
exchanges. All samples were placed in a fume hood in HCl if they were being left only overnight 
and in the refrigerator in HCl if being left for more than one night (e.g. over a weekend or 
longer). Once a sample was demineralized, it was placed in distilled water in the refrigerator 
until the remaining samples from that batch were demineralized. 
 
56 
 
 
Figure 5: Photograph of bone samples in hydrochloric acid for demineralization. 
 
 Once the samples were demineralized, they were rinsed at least three times in distilled 
water until they reached a pH level between 2.5 and 3.0. Following attainment of the correct pH 
level, the samples were treated with 0.1M sodium hydroxide (NaOH) to remove any present 
humic acids. This was accomplished by adding approximately 10 ml of NaOH to each centrifuge 
tube and gently agitating them every 5 minutes for a total of 20 minutes. The samples were then 
balanced and spun in a centrifuge at 2400 rpm for 10 minutes. If the color of the NaOH solution 
in the tube remained clear (i.e. no color change) the solution was pipetted off and approximately 
10 ml of distilled water was added. If the NaOH solution exhibited a color change, typically 
brown in color, then the NaOH was exchanged and the humic acid extraction procedure repeated. 
Once all samples were free of humic acids, the samples were rinsed at least 6 times in distilled 
water. After the sixth rinse the pH level was checked, and rinsing was repeated until a pH level 
between 6.0 and 8.0 was obtained. The final rinse solution was then pipetted off. 
57 
 
 Once only the bone collagen remained in the centrifuge tubes (Figure 6), approximately 
10 ml of 0.25M HCl was added to each centrifuge tube and spun in the centrifuge at 2400 rpm 
for 10 minutes. The HCl was then removed and approximately 5 ml of distilled water was added. 
The pH level was checked for each sample, and adjusted until a pH of 2.5 to 3.0 was reached. 
The centrifuge tubes were then capped and placed in a 90° Celsius oven overnight. Glass dram 
vials were each labeled with a sample ID and weighed. The samples were removed from the 
oven, balanced, and spun in the centrifuge at 2400 rpm for 10 minutes. The collagen solution 
from each centrifuge tube was pipetted into its corresponding glass dram vial. The glass dram 
vials were placed, uncapped, in beakers and then into a 90° Celsius oven until completely dry 
(Figure 7). The glass dram vials were removed from the oven and weighed. The percent collagen 
yield was then calculated for each sample using equation 3: 
 
% Collagen Yield =
(vial with collagen−vial without collagen)
sample original weight
 × 100 ( 3 ) 
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Figure 6: Photograph of demineralized capitate from burial 582. 
 
 
 
Figure 7: Photograph of dried collagen in glass dram vial ready to be weighed for isotopic 
processing. 
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 The dried collagen was then scraped from the glass dram vials using dental picks. 
Between 0.540 and 0.560 mg of dried collagen was transferred to tin cups and placed in a labeled 
tray. Of the initial 24 samples, 20 yielded enough collagen for further analysis.   
Preparation of Hair Samples 
 Scalp hair samples of 1 cm in length were provided by Dr. Lana Williams from the 
University of Central Florida. The hair samples were placed in glass dram vials and distilled 
water was added. The samples were ultrasonicated for approximately 30 minutes and the water 
was removed. The samples were then covered in a 2:1 chloroform:methanol solution overnight to 
remove any present lipids. The samples were visually evaluated for continued presence of lipids 
or other residues. All samples were then ultrasonicated in distilled water for 30 minutes. Those 
that still had lipids present were again soaked in 2:1 chloroform:methanol overnight and rinsed in 
the ultrasonicator until no evidence of lipids remained. Once all lipids were removed, the 
samples were rinsed 3 times in distilled water in the ultrasonicator and placed in a 60° Celsius 
oven to dry for at least 48 hours. Once dried, the hair samples were cut using surgical scissors 
until very fine. The hair pieces were then weighed into tin cups, with between 0.540 and 0.560 
mg of each sample placed in an individual tin cup. The tin cups were then closed and placed into 
the labeled tray to be sent to the laboratory for analysis. 
Preparation of Skin Samples 
 Naturally desiccated skin samples were provided to the author by Dr. Lana Williams at 
the University of Central Florida. The samples were cleaned in distilled water in the 
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ultrasonicator for 30 minutes. They were then soaked in a 2:1 chloroform: methanol solution 
overnight to remove the remaining lipids (Figure 8). The samples were then rinsed in distilled 
water in the ultrasonicator for 30 minutes. This length of time in the ultrasonicator began to 
break down some of the skin samples (Figure 9), so the ultrasonicator time was reduced to 5 
minutes, at the advice of Dr. Lana Williams. The soak in 2:1 chloroform:methanol was repeated 
until the samples were free of lipids. Once all lipids were removed from the skin samples, they 
were rinsed in distilled water 3 times. The samples were then placed in a 60° Celsius oven, 
uncapped, overnight. After 24 hours the samples were tested using a glass rod for their stiffness. 
If the samples were “crunchy”, they were pulverized using dental tools. If the samples were not 
“crunchy”, they were frozen for 48 hours and then placed in a 90° Celsius oven for an additional 
24 to 48 hours until completely dried. Once the samples were completely dried, they were 
pulverized using dental tools and weighed into tin cups (between 0.540 and 0.560 mg). The tin 
cups were closed and placed into the labeled tray to be sent to the laboratory. 
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Figure 8: Photograph of skin sample soaking in a 2:1 chloroform: methanol solution to remove 
lipids. 
 
 
Figure 9: Photograph of skin sample showing break-down of the sample due to the length of time 
rinsing in the ultrasonicator. 
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Preparation of Fingernail Samples 
 The fingernail samples were provided to the author by Dr. Lana Williams at the 
University of Central Florida. The samples consisted of proximal fingernail segments. The 
samples were rinsed twice in distilled water in the ultrasonicator for approximately 10 minutes 
each, until the decanted water was clear. The samples were then covered in a 2:1 
chloroform:methanol solution for 1 hour. This was repeated in 30 minute blocks of time until the 
decanted solution was clear and free of lipid residue (a total of three times for each sample). The 
samples were then rinsed for approximately 10 minutes in distilled water in the ultrasonicator 
twice. The samples were then placed in a 60° Celsius oven, uncapped, overnight. The samples 
were then pulverized using metal dental tools and weighed into tin cups (0.540 to 0.560 mg per 
tin cup). The tin cups were closed and placed in the labeled tray to be sent to the laboratory. 
Precision and Accuracy 
 The stable carbon and nitrogen isotopes from bone collagen, hair, nail, and skin were 
analyzed by the Light Stable Isotope Mass Spec Lab in the Department of Geological Sciences at 
the University of Florida. Precision was calculated by analyzing duplicate samples from four 
individuals. These duplicate samples included two bone collagen samples, one hair sample, and 
one nail sample (Table 16). The precision values for δ13C and δ15N were ±0.06‰ and ±0.08‰, 
respectively. Accuracy of the study sample was assessed using laboratory standards. A total of 
10 samples of usgs40 were analyzed for accuracy. The average δ13C value of the standards was   
-26.39 ± 0.04‰, while the δ15N was -4.52 ± 0.07‰.   
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Table 16: Summary of precision values for δ13C and δ15N based on duplicate sample analyses. 
Sample ID 
(tissue) 
Difference in δ13C Values Difference in δ15N Values 
K2-B359 (bone) 0.04 0.02 
K2-590 (bone) 0.06 0.01 
K2-B617-1 (hair) 0.06 0.01 
K2-B353 (nail) 0.09 0.27 
Precision ±0.06 ±0.08 
 
Statistical Analysis 
 All statistical analyses for this study were conducted using the IBM SPSS Statistics 24© 
software program. Mean, range, minimum and maximum values, and standard deviation, were 
calculated for the overall sample, scurvy and non-scurvy overall cohorts, and the overall, scurvy, 
and non-scurvy cohorts for each age cohort (F&P, neonatal, C1, C2, and C3). Box and whisker 
plots were constructed for each group (where applicable) to examine outliers within the overall 
sample and each cohort. The whiskers in each box plot indicate the “expected” minimum and 
maximum values based on that data set, not necessarily the actual minimum and/or maximum 
values. The outliers, when present, are those isotopic values that fall more than 1.5 times the 
interquartile range from the first or third quartile value; this method of determining outliers is 
standard for the IBM SPSS Statistics 24© software program. The Mann-Whitney U non-
parametric t-test was used to calculate differences between groups due to unequal variances, 
small and unequal sample sizes, and some non-normally distributed cohorts. Microsoft Excel 
2013© was used to generate all charts and tables. 
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CHAPTER 4: RESULTS 
Bone Collagen Preservation 
Four criteria were used to evaluate the preservation of the bone collagen samples 
prepared for analysis by the author. These include the C:N ratio, collagen yield percentage, %C 
weight, and %N weight. Table 17 indicates the published values for these criteria that are used to 
determine if bone collagen samples are well preserved. 
 
Table 17: Published values used to indicate preservation of bone collagen samples for C:N ratio, 
collagen yield percentage, %C weight, and %N weight. 
Criteria 
Published 
Values 
Study 
C:N Ratio 2.9 - 3.6 Ambrose, 1990; DeNiro, 1985; Schoeninger et al., 1989 
% Collagen Yield 
Minimum of 
2 - 5% 
Ambrose, 1990; Lee-Thorp, 2008; van Klinken, 1999 
%C Weight 15.3 - 47 % Ambrose, 1990 
%N Weight 5.5 - 17.3% Ambrose, 1990 
 
 A total of 20 bone collagen samples contained enough collagen after preparation for 
isotopic testing. These samples had C:N ratios that ranged from 3.17 to 3.60, with a mean of 3.23 
± 0.13, with all samples falling within the published values for being well preserved. The C:N 
ratios in Williams (2008) for those samples utilized in this study that were not prepared by the 
author had a mean of 3.25 ± 0.06. The % collagen yield from these samples ranged from 0.46% 
to 36.06%, with a mean of 14.03 ± 9.55%. Four samples had % collagen yield values less than 
2% . While most studies use a low-end cutoff value for collagen yield, due to the effect scurvy 
has on collagen production, a low collagen yield alone was not deemed enough to warrant 
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exclusion from this study. The %C weight ranged from 14.65% to 44.51%, with a mean of 41.34 
± 6.54%, with only one sample having a too-low value. The %N weight ranged from 4.75% to 
16.30%, with a mean of 15.00 ± 2.58%, again with only one sample having a too-low value. The 
preservation values for each bone collagen sample can be viewed in Appendix D. 
 Each of the above listed preservation criteria were considered in order to determine the 
preservation of each bone collagen sample prepared for this study by the author. Multiple 
preservation values were considered in order to determine if each sample was preserved well 
enough to limit erroneous isotopic analysis values due to degradation or contamination. Samples 
were only discarded if more than one value was outside of the published acceptable values listed 
in Table 17. The procedures for determining the preservation level of bone collagen samples 
used in this study that were prepared and analyzed for previous research can be found in 
Williams (2008:123). 
Hair, Nail and Skin Preservation 
 Three criteria were used to evaluate the preservation of the 11 hair and three nail samples 
prepared for analysis by the author. These include the C:N ratio, %C weight, and %N weight. 
Table 18 indicates the published values for these criteria that are used to determine if hair and 
nail samples are well preserved. The listed values for %C and %N weight are for those of hair, 
however, since the same α-keratin is used to produce both hair and nail, it results in the same %C 
and %N weight. At this time, there are no published standard preservation values for skin 
samples (Lamb, 2016; Williams, 2008), so the five skin C:N ratio, %C weight, and %N weight 
are provided here for comparative purposes. 
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Table 18: Published values used to indicate preservation of hair and nail samples for C:N ratio, 
%C weight, and %N weight. 
Criteria 
Published 
Values 
Study 
C:N Ratio 3.0 – 3.8 O’Connell and Hedges, 1999; O’Connell et al., 2001 
%C Weight 50.65% Rutherford and Hawk, 1907 
%N Weight 17.14% Rutherford and Hawk, 1907 
 
The hair samples had C:N ratios that ranged from 3.53 to 3.69, with a mean of 3.58 ± 
0.06, with all samples falling within the published values for being well preserved. The C:N 
ratios in Williams (2008) for those hair samples utilized in this study that were not prepared by 
the author had a mean of 3.6 ± 0.11. The hair %C weight ranged from 41.66% to 45.56%, with a 
mean of 43.61 ± 1.17. The %N weight ranged from 13.54% to 14.78%, with a mean of 14.20 ± 
0.41. The %C and %N weight values of the sample are slightly less than those in the published 
literature. The preservation values for each hair sample can be viewed in Appendix D. 
 The nail samples had C:N ratios that ranged from 3.72 to 3.86, with a mean of 3.78 ± 
0.08, with one sample having a value slightly higher than the published literature. The C:N ratios 
in Williams (2008) for those nail samples utilized in this study that were not prepared by the 
author had a mean of 3.73 ± 0.38. The nail %C weight ranged from 42.18% to 43.78%, with a 
mean of 43.02 ± 0.80%. The %N weight ranged from 13.22% to 13.43%, with a mean of 13.29 ± 
0.12%. Again, these values are slightly less than those in the published literature. The 
preservation values for each nail sample can be viewed in Appendix D. 
 The skin samples had C:N ratios that ranged from 3.51 to 4.85, with a mean of 3.88 ± 
0.57. The C:N ratios in Williams (2008) for those skin samples utilized in this study that were 
not prepared by the author had a mean of 3.25 ± 0.06. The skin %C weight ranged from 31.43% 
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to 51.48%, with a mean of 43.83 ± 7.53%. The %N weight ranged from 9.34% to 15.35%, with a 
mean of 13.32 ± 2.52. The values for each skin sample can be viewed in Appendix D. 
 As with bone collagen, each of the above listed preservation criteria were considered in 
order to determine the preservation of each hair and nail sample prepared for this study by the 
author. Multiple preservation values were considered in order to determine if each sample was 
preserved well enough to limit erroneous isotopic analysis values due to degradation or 
contamination. No hair or nail samples had more than one criteria outside of the published 
values, therefore no hair or nail samples were discarded from further analysis. The procedures 
for determining the preservation level of the hair and nail samples used in this study that were 
prepared and analyzed for previous research can be found in Williams (2008:123).  
Explanation of Retained and Discarded Samples 
 Six juveniles in total had at least one preservation value fall outside of the published 
ranges listed in Tables 17 and 18. Of these, only sample 325 (bone collagen) presented with 
multiple values outside of the acceptable ranges, including low %C and %N weights, low 
collagen yield, and a borderline high C:N ratio. Therefore, this sample was determined to not be 
well preserved and was therefore excluded from further statistical analyses.  
The remaining five samples each had only one preservation value outside of the 
published ranges. Sample 435 (bone collagen) produced a very low collagen yield (0.46%), but 
provided acceptable %C and %N concentrations and C:N ratio. This sample was kept in the 
analysis because it has been found that the isotopic composition may remain intact even when a 
low percentage of the original amount of collagen is retained (Lee-Thorp, 2008). Additionally, 
68 
 
this sample was retained in the study because low collagen yield could result in elimination of an 
individual who exhibited signs of scurvy as it affects the formation of collagen in the body. 
Samples 449 and 525 (both bone collagen) produced low collagen yields (1.24% and 1.70%, 
respectively) but had acceptable %C and %N concentrations and C:N ratios. Sample 290 (nail) 
produced acceptable %C and %N concentrations, but did have a slightly high C:N ratio (3.86). 
However, because this value was within the standard deviation of the nail sample, it was retained 
in the study. Sample 575A (skin) produced an unusually high C:N ratio but was not excluded 
from the study since there currently is no accepted standard of C:N ratio values for this body 
tissue. 
Stable Carbon Isotope Results 
Bone Collagen 
 A total of 24 bone collagen samples were analyzed for δ13C values. All descriptive 
statistics (mean, minimum, maximum, and standard deviation) for δ13C values from bone 
collagen can be found in Table 19. The δ13C values of bone collagen for these individuals can be 
found in Appendix E (Table 56).  
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Table 19: Descriptive statistics for δ13C values for bone collagen. Each category’s statistics are 
first presented as an overall representation, followed by those individuals who exhibited skeletal 
indicators of scurvy and then those who did not. Entries of “-“ indicate not enough data available 
to calculate the statistic. 
    
N Mean Min Max 
Standard 
Deviation 
Entire 
Sample 
Overall 24 -18.8 -19.5 -17.6 0.4 
Scurvy 11 -18.9 -19.5 -18.2 0.5 
Non-scurvy 13 -18.8 -19.3 -17.6 0.4 
F&P 
Overall 2 -18.9 -19.3 -18.4 0.6 
Scurvy 1 -18.4 - - - 
Non-scurvy 1 -19.3 - - - 
Neo 
Overall 4 -18.6 -18.9 -18.3 0.2 
Scurvy 2 -18.5 -18.6 -18.3 0.2 
Non-scurvy 2 -18.8 -18.9 -18.6 0.2 
C1 
Overall 10 -18.7 -19.3 -17.6 0.5 
Scurvy 3 -18.9 -19.3 -18.2 0.6 
Non-scurvy 7 -18.6 -19.1 -17.6 0.5 
C2 
Overall 5 -19.0 -19.2 -18.8 0.2 
Scurvy 3 -19.0 -19.2 -18.8 0.2 
Non-scurvy 2 -19.1 -19.2 -19.0 0.1 
C3 
Overall 3 -19.3 -19.5 -19.1 0.2 
Scurvy 2 -19.4 -19.5 -19.2 0.2 
Non-scurvy 1 -19.1 - - - 
 
The δ13C values for the entire sample ranged from -19.5‰ to -17.6‰, with a mean value 
of -18.8 ± 0.5‰. Of the 24 bone collagen samples, 11 individuals exhibited skeletal indicators of 
scurvy. The δ13C values for this cohort ranged from -19.5‰ to -18.2‰, with a mean value of -
18.9 ± 0.4‰. The remaining 13 individuals did not exhibit skeletal indicators of scurvy. The 
δ13C values for this second cohort ranged from -19.3‰ to -17.6‰, with a mean value of -18.8 ± 
0.4‰. There was no statistically significant difference between the mean scurvy and non-scurvy 
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δ13C values for the overall bone collagen samples (p=0.705) (Appendix F). The δ13C and δ15N 
values of the scurvy and non-scurvy cohorts are shown in Figure 10. 
 
 
Figure 10: Scatter plot of δ13C and δ15N values for the overall bone collagen cohort. 
 
 When the δ13C values for bone collagen were plotted by age, a general trend can be seen. 
Both the scurvy and non-scurvy cohorts show a general trend of more negative δ13C values as 
age increases (Figure 11). 
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Figure 11: Bone collagen δ13C values plotted by mean age. 
 
The results for δ13C values were also divided based on the age at death cohorts previously 
described. The fetal and perinatal (F&P) cohort represented by bone collagen consisted of two 
individuals, one who exhibited skeletal indicators of scurvy and one who did not, with δ13C 
values of -18.4‰ and -19.3‰, respectively. The δ13C values for the F&P cohort had a mean 
value of -18.9 ± 0.6‰. There was no statistically significant difference between the mean scurvy 
and non-scurvy δ13C values for the F&P bone collagen cohort (p=0.317) (Appendix G). The δ13C 
and δ15N values of the F&P scurvy and non-scurvy cohorts are shown in Figure 12. The neonatal 
cohort represented by bone collagen consisted of four individuals, two who exhibited skeletal 
y = -0.0717x - 18.517
R² = 0.5822
y = -0.0342x - 18.688
R² = 0.1021-23
-22
-21
-20
-19
-18
-17
-1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
δ1
3
C
V
P
D
B
(‰
)
Mean Age at Death (years)
Scurvy Bone
Collagen
Non-scurvy
Bone Collagen
Adult Female
Average
Linear
(Scurvy Bone
Collagen)
Linear (Non-
scurvy Bone
Collagen)
72 
 
indicators of scurvy and two who did not. The δ13C values for the entire neonatal cohort ranged 
from -18.9‰ to -18.3‰, with a mean value of -18.6 ± 0.2‰. The δ13C values for those neonatal 
cohort individuals who exhibited skeletal indicators of scurvy ranged from -18.5‰ to -18.3‰, 
with a mean value of -18.4 ± 0.2‰. The δ13C values for those neonatal cohort individuals who 
did not present with skeletal indicators of scurvy ranged from -18.9‰ to -18.6‰, with a mean 
value of -18.8 ± 0.2‰. There was no statistically significant difference between the mean scurvy 
and non-scurvy δ13C values for the neonatal bone collagen samples (p=0.221) (Appendix G). The 
δ13C and δ15N values of the neonatal scurvy and non-scurvy cohorts are shown in Figure 12. 
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Figure 12: Scatter plot of δ13C and δ15N values for the F&P and neonatal bone collagen cohorts, 
separated by scurvy status. 
 
 The C1 cohort represented by bone collagen consisted of ten individuals, three who 
exhibited skeletal indicators of scurvy and seven who did not. The δ13C values for the entire C1 
cohort ranged from -19.3‰ to -17.6‰, with a mean value of -18.7 ± 0.5‰. The δ13C values for 
those C1 cohort individuals who exhibited skeletal indicators of scurvy ranged from -19.3‰ to           
-18.2‰, with a mean value of -18.9 ± 0.6‰. The δ13C values for those C1 cohort individuals 
who did not present with skeletal indicators of scurvy ranged from -19.1‰ to -17.6‰, with a 
mean value of -18.6 ± 0.5‰. One outlier (burial 71) was present in this cohort with a more 
enriched δ13C value (Figure 13). There was no statistically significant difference between the 
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mean scurvy and non-scurvy δ13C values for the C1 bone collagen samples (p=0.302) (Appendix 
G). The δ13C and δ15N values of the C1 scurvy and non-scurvy cohorts are shown in Figure 14. 
 
 
Figure 13: Box and whisker plot for δ13C indicating the outlier for the C1 non-scurvy bone 
collagen cohort. 
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Figure 14: Scatter plot of δ13C and δ15N values for the C1 bone collagen cohort. 
 
 The C2 cohort represented by bone collagen consisted of five individuals, three who 
exhibited skeletal indicators of scurvy and two who did not. The δ13C values for the entire C2 
cohort ranged from -19.2‰ to -18.8‰, with a mean value of -19.0 ± 0.2‰. The δ13C values for 
those C2 cohort individuals who exhibited skeletal indicators of scurvy ranged from -19.2‰ to -
18.8‰, with a mean value of -19.0 ± 0.2‰. The δ13C values for those C2 cohort individuals who 
did not present with skeletal indicators of scurvy ranged from -19.2‰ to -19.0‰, with a mean 
value of -19.1 ± 0.1‰. There was no statistically significant difference between the mean scurvy 
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and non-scurvy δ13C values for the C2 bone collagen samples (p=0.374) (Appendix G). The δ13C 
and δ15N values of the C2 scurvy and non-scurvy cohorts are shown in Figure 15. 
 
 
Figure 15: Scatter plot of δ13C and δ15N values for the C2 bone collagen cohort. 
 
 The C3 cohort represented by bone collagen consisted of three individuals, two who 
exhibited skeletal indicators of scurvy and one who did not. The δ13C values for the entire C3 
cohort ranged from -19.5‰ to -19.1‰, with a mean value of -19.3 ± 0.2‰. The δ13C values for 
those C3 cohort individuals who exhibited skeletal indicators of scurvy ranged from -19.5‰ to -
19.2‰, with a mean value of -19.4 ± 0.2‰. The δ13C value for the C3 individual who did not 
exhibit skeletal indicators of scurvy was -19.1‰. There was no statistically significant difference 
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between the mean scurvy and non-scurvy δ13C values for the C3 bone collagen samples 
(p=0.221) (Appendix G). The δ13C and δ15N values of the C3 scurvy and non-scurvy cohorts are 
shown in Figure 16. 
 
 
Figure 16: Scatter plot of δ13C and δ15N values for the C3 bone collagen cohort. 
 
 Hair 
 A total of 133 juveniles, represented by one to three hair segments (measuring 1cm in 
length each), were analyzed for δ13C values. There were 67 juveniles who provided only one hair 
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segment, 26 who provided two segments, and 40 who provided three segments. Descriptive 
statistics (mean, minimum, maximum, and standard deviation) for the δ13C values of each of the 
first three hair segments were calculated separately and can be found in Tables 20-22. The δ13C 
values for up to the first three hair segments for these individuals can be found in Appendix E 
(Table 57). The overall descriptive and statistical tests for each hair segment are presented first. 
Then, in order to see trends over the last three months of life, the mean of each scurvy and non-
scurvy segment for each age cohort is presented together. 
 
Table 20: Descriptive statistics for δ13C for first hair segments. Each category’s statistics are first 
presented as an overall representation, followed by those individuals who exhibited skeletal 
indicators of scurvy and then those who did not. Entries of “-“ indicate not enough data to 
calculate statistic. 
    
N Mean Min Max 
Standard 
Deviation 
Entire 
Sample 
Overall 133 -19.5 -22.7 -17.7 0.8 
Scurvy 21 -19.4 -21.1 -18.3 0.6 
Non-scurvy 112 -19.5 -22.7 -17.7 0.8 
F&P 
Overall - - - - - 
Scurvy - - - - - 
Non-scurvy 35 -19.9 -21.7 -18.9 0.8 
Neo 
Overall 42 -19.2 -22.7 -18.0 0.8 
Scurvy 7 -18.9 -19.4 -18.3 0.4 
Non-scurvy 35 -19.3 -22.7 -18.0 0.8 
C1 
Overall 30 -19.3 -21.2 -17.7 0.7 
Scurvy 7 -19.3 -19.7 -18.8 0.4 
Non-scurvy 23 -19.3 -21.2 -17.7 0.8 
C2 
Overall 15 -19.7 -20.2 -19.2 0.3 
Scurvy 4 -19.9 -20.2 -19.6 0.3 
Non-scurvy 11 -19.7 -20.2 -19.2 0.3 
C3 
Overall 11 -19.8 -21.1 -19.2 0.5 
Scurvy 3 -20.3 -21.1 -19.5 0.8 
Non-scurvy 8 -19.7 -20.1 -19.2 0.3 
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Table 21: Descriptive statistics for δ13C for second hair segments. Each category’s statistics are 
first presented as an overall representation, followed by those individuals who exhibited skeletal 
indicators of scurvy (scorbutic) and then those who did not (nonscorbutic). Entries of “-“ indicate 
not enough data to calculate statistic. 
    
N Mean Min Max 
Standard 
Deviation 
Entire 
Sample 
Overall 66 -19.3 -20.5 -18.1 0.6 
Scurvy 15 -19.5 -20.5 -18.2 0.6 
Non-scurvy 51 -19.3 -20.5 -18.1 0.5 
F&P 
Overall - - - - - 
Scurvy - - - - - 
Non-scurvy 7 -19.4 -20.5 -19.0 0.5 
Neo 
Overall 17 -19.0 -19.5 -18.2 0.4 
Scurvy 4 -18.8 -19.2 -18.2 0.5 
Non-scurvy 13 -19.0 -19.5 -18.5 0.3 
C1 
Overall 23 -19.3 -20.5 -18.1 0.6 
Scurvy 5 -19.5 -20.5 -18.9 0.6 
Non-scurvy 18 -19.3 -20.4 -18.1 0.6 
C2 
Overall 10 -19.7 -20.4 -19.1 0.4 
Scurvy 3 -19.9 -20.2 -19.5 0.4 
Non-scurvy 7 -19.6 -20.4 -19.1 0.4 
C3 
Overall 9 -19.7 -20.4 -19.3 0.4 
Scurvy 3 -19.9 -20.4 -19.3 0.6 
Non-scurvy 6 -19.6 -20.2 -19.3 0.4 
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Table 22: Descriptive statistics for δ13C for third hair segments. Each category’s statistics are 
first presented as an overall representation, followed by those individuals who exhibited skeletal 
indicators of scurvy and then those who did not. Entries of “-“ indicate not enough data to 
calculate statistic. 
    
N Mean Min Max 
Standard 
Deviation 
Entire 
Sample 
Overall 40 -19.5 -21.2 -17.9 0.6 
Scurvy 8 -19.8 -21.2 -18.7 0.8 
Non-scurvy 32 -19.4 -20.4 -17.9 0.6 
F&P 
Overall - - - - - 
Scurvy - - - - - 
Non-scurvy 3 -19.0 -19.5 -18.4 0.6 
Neo 
Overall - - - - - 
Scurvy - - - - - 
Non-scurvy 6 -19.2 -19.9 -18.2 0.6 
C1 
Overall 15 -19.5 -21.2 -17.9 0.8 
Scurvy 3 -19.7 -21.2 -18.7 1.3 
Non-scurvy 12 -19.4 -20.4 -17.9 0.7 
C2 
Overall 8 -19.7 -20.4 -19.0 0.5 
Scurvy 3 -20.0 -20.4 -19.6 0.4 
Non-scurvy 5 -19.5 -20.2 -19.0 0.5 
C3 
Overall 8 -19.6 -20.1 -19.1 0.3 
Scurvy 2 -19.7 -20.1 -19.3 0.6 
Non-scurvy 6 -19.6 -20.0 -19.1 0.3 
 
 The δ13C values for the overall first hair segment ranged from -22.7‰ to -17.7‰, with a 
mean value of -19.5 ± 0.8‰. The 21 juveniles who exhibited skeletal indicators of scurvy had 
δ13C values that ranged from -21.1‰ to -18.3‰, with a mean value of -19.4 ± 0.6‰. The 112 
juveniles who did not exhibit skeletal indicators of scurvy had δ13C values that ranged from -
22.7‰ to -17.7‰, with a mean value of -19.5 ± 0.8‰. There was no statistically significant 
difference between the mean scurvy and non-scurvy δ13C values for the overall first hair segment 
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samples (p=0.667) (Appendix F). The δ13C and δ15N values of the overall first hair segment 
scurvy and non-scurvy cohorts are shown in Figure 17. 
 
 
Figure 17: Scatter plot of δ13C and δ15N values for the overall first hair segment cohort. 
 
 The δ13C values for the overall second hair segment ranged from -20.5‰ to -18.1‰, with 
a mean value of -19.3 ± 0.6‰. The 15 individuals who exhibited skeletal indicators of scurvy 
had δ13C values that ranged from -20.5‰ to -18.2‰, with a mean value of -19.5 ± 0.6‰. The 
remaining 51 individuals who did not present with skeletal indicators of scurvy had δ13C values 
that ranged from -20.5‰ to -18.1‰, with a mean value of -19.3 ± 0.5‰. There was no 
statistically significant difference between the mean scurvy and non-scurvy δ13C values for the 
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overall second hair segment samples (p=0.443) (Appendix F). The δ13C and δ15N values of the 
overall second hair segment scurvy and non-scurvy cohorts are shown in Figure 18. 
 
 
Figure 18: Scatter plot of δ13C and δ15N values for the overall second hair segment cohort. 
 
 The δ13C values for the overall third hair segment ranged from -21.2‰ to -17.9‰, with a 
mean value of -19.5 ± 0.6‰. Eight individuals exhibited skeletal indicators of scurvy and had 
δ13C values that ranged from -21.2‰ to -18.7‰, with a mean value of -19.8 ± 0.8‰. The 
remaining 32 individuals who did not present with skeletal indicators of scurvy had δ13C values 
that ranged from -20.4‰ to -17.9‰, with a mean value of -19.4 ± 0.6‰. There was no 
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statistically significant difference between the mean scurvy and non-scurvy δ13C values for the 
overall third hair segment samples (p=0.160) (Appendix F). The δ13C and δ15N values of the 
overall third hair segment scurvy and non-scurvy cohorts are shown in Figure 19. 
 
 
Figure 19: Scatter plot of δ13C and δ15N values for the overall third hair segment cohort. 
 
 When the δ13C values for each hair segment were plotted by age, some patterns were 
found. For the δ13C values within the first hair segment, the range of values is greatest in the 
younger ages with a tapering effect occurring as age increases (Figures 20). The second and third 
hair segments for δ13C values experience a similar effect, but not to the same extent as the first 
hair segment (Figures 21 and 22). When a linear trend line is plotted for the scurvy and non-
84 
 
scurvy δ13C values for the third hair segment, both the equations and r2 values are very similar 
(Figure 22). 
 
 
Figure 20: First hair segment δ13C values plotted by mean age. 
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Figure 21: Second hair segment δ13C values plotted by mean age. 
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Figure 22: Third hair segment δ13C values plotted by mean age. 
 
The F&P cohort first, second, and third hair segments were represented by 35, seven, and 
three non-scurvy juveniles, respectively. The δ13C values for the first hair segment ranged from    
-21.7‰ to -18.9‰, with a mean value of -19.9 ± 0.8‰. Two outliers (burials 130 and 292) were 
present, both with less enriched δ13C values (Figure 23). The δ13C values for the second hair 
segment ranged from -20.5‰ to -19.0‰, with a mean value of -19.4 ± 0.5‰. One outlier (burial 
599) was present in this cohort with a less enriched δ13C value (Figure 24). The δ13C values for 
the third hair segment ranged from -19.5‰ to -18.4‰, with a mean value of -19.0 ± 0.6‰. The 
scatter plot of all juveniles for the first, second, and third F&P hair segments can be found in 
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Appendix H (Figure 94). The F&P cohort for each hair segment was also averaged in order to 
show trends in δ13C values for this cohort over the last three months of life, which shows a slight 
decrease of δ13C values over this time period (Figure 25). The difference between the third and 
first hair segment δ13Cvalues is not statistically significant (p = 0.57). 
 
 
Figure 23: Box and whisker plot for δ13C indicating the outliers for the F&P overall (non-scurvy) 
first hair segment cohort. 
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Figure 24: Box and whisker plot for δ13C indicating the outlier for the F&P overall (non-scurvy) 
second hair segment cohort. 
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Figure 25: Averaged δ13C values for each hair segment of the F&P cohort showing trends in the 
last three months of life. 
 
 The neonatal cohort first, second, and third hair segments were represented by 42, 17, and 
six scurvy and/or non-scurvy juveniles, respectively. The δ13C values for the overall first hair 
segment ranged from -22.7‰ to -18.0‰, with a mean value of -19.2 ± 0.8‰. Two outliers 
(burials 206 and 596) were present in this cohort, both with less enriched δ13C values (Figure 
26). The δ13C values for the scurvy cohort (n = 7) ranged from -19.4‰ to -18.3‰, with a mean 
value of -18.9 ± 0.4‰. The δ13C values for the non-scurvy cohort (n = 35) ranged from -22.7‰ 
to -18.0‰, with a mean value of -19.3 ± 0.8‰. One outlier (burial 596) was present in this 
cohort with a less enriched δ13C value (Figure 27). There was no statistically significant 
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difference between the mean scurvy and non-scurvy δ13C values for the neonatal first hair 
segment samples (p = 0.361) (Appendix G). The scatter plot of all juveniles for the neonatal first 
hair segment can be found in Appendix H (Figure 95). 
 
 
Figure 26: Box and whisker plot for δ13C indicating the outliers for the neonatal overall first hair 
segment cohort. 
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Figure 27: Box and whisker plot for δ13C indicating the outlier for the neonatal non-scurvy first 
hair segment cohort. 
 
The δ13C values for the neonatal overall second hair segment ranged from -19.5‰ to -
18.2‰, with a mean value of -19.0 ± 0.4‰. One outlier (burial 347) was present in this cohort 
with a more enriched δ13C value (Figure 28). The δ13C values for the scurvy cohort (n= 4) ranged 
from -19.2‰ to -18.2‰, with a mean value of -18.8 ± 0.5‰. The δ13C values for the non-scurvy 
cohort (n = 13) ranged from -19.5‰ to -18.5‰, with a mean value of -19.0 ± 0.3‰. There was 
no statistically significant difference between the mean scurvy and non-scurvy δ13C values for 
the neonatal second hair segment samples (p = 0.567) (Appendix G). The scatter plot of all 
juveniles for the neonatal second hair segment can be found in Appendix H (Figure 95) 
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Figure 28: Box and whisker plot for δ13C indicating the outlier for the neonatal overall second 
hair segment cohort. 
 
The δ13C values for the overall (non-scurvy) third hair segment (n = 6) ranged from -
19.9‰ to -18.2‰, with a mean value of -19.2 ± 0.6‰. One outlier (burial 538) was present in 
this cohort with a more enriched δ13C value (Figure 29). The scatter plot of all juveniles for the 
neonatal third hair segment can be found in Appendix H (Figure 95) 
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Figure 29: Box and whisker plot for δ13C indicating the outlier for the neonatal non-scurvy third 
hair segment cohort. 
 
The neonatal cohort for each hair segment was also averaged in order to show trends in 
δ13C values for this cohort over the last three months of life. The scurvy cohort shows a slight 
decrease in δ13C values in the last two months of life, while the non-scurvy cohort shows a slight 
increase in δ13C values between the third and second months and a decrease from the second to 
the last month of life. (Figure 30). The difference between the scurvy second and first hair 
segment was not statistically significant (p = 0.567). The difference between the non-scurvy third 
and second hair segment was not statistically significant (p = .0290). The difference between the 
non-scurvy second and first hair segment was not statistically significant (p = 0.300). The 
difference between the non-scurvy third and first hair segment was not statistically significant (p 
= 0.657).  
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Figure 30: Averaged δ13C values for each hair segment of the neonatal scurvy and non-scurvy 
cohorts showing trends in the last three months of life. 
 
 The C1 cohort first, second, and third hair segments were represented by 30, 23, and 15 
scurvy and non-scurvy juveniles, respectively. The δ13C values for the overall first hair segment 
ranged from -21.2‰ to -17.7‰, with a mean value of -19.3 ± 0.7‰. Four outliers were present 
in this cohort, two with more enriched δ13C values (burials 330 and 487) and two with less 
enriched δ13C values (burials 23 and 619) (Figure 31). The δ13C values for the scurvy cohort (n = 
7) ranged from -19.7‰ to -18.8‰, with a mean value of -19.3 ± 0.4‰. The δ13C values for the 
non-scurvy cohort (n = 23) ranged from -21.2‰ to -17.7‰, with a mean value of -19.3 ± 0.8‰. 
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Two outliers were present, one with a more enriched δ13C value (burial 487) and one with a less 
enriched δ13C values (burial 23) (Figure 32). There was no statistically significant difference 
between the mean scurvy and non-scurvy δ13C values for the C1 first hair segment samples (p = 
0.980) (Appendix G). The scatter plot of all juveniles for the C1 first hair segment can be found 
in Appendix H (Figure 96). 
 
 
Figure 31: Box and whisker plot for δ13C indicating the outliers for the C1 overall first hair 
segment cohort. 
 
96 
 
 
Figure 32: Box and whisker plot for δ13C indicating the outliers for the C1 non-scurvy first hair 
segment cohort. 
 
 The δ13C values for the overall second hair segment ranged from -20.5‰ to -18.1‰, with 
a mean value of -19.3 ± 0.6‰. The δ13C values for the scurvy cohort (n = 5) ranged from -20.5‰ 
to -18.9‰, with a mean value of -19.5 ± 0.6‰. The δ13C values for the non-scurvy cohort (n = 
18) ranged from -20.4‰ to -18.1‰, with a mean value of -19.3 ± 0.6‰. Two outliers (burials 71 
and 487) were present in this cohort, both with more enriched δ13C values (Figure 33). There was 
no statistically significant difference between the mean scurvy and non-scurvy δ13C values for 
the C1 second hair segment samples (p = 0.709) (Appendix G). The scatter plot of all juveniles 
for the C1 second hair segment can be found in Appendix H (Figure 96). 
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Figure 33: Box and whisker plot for δ13C indicating the outliers for the C1 non-scurvy second 
hair segment cohort. 
 
 The δ13C values for the overall third hair segment ranged from -21.2‰ to -17.9‰, with a 
mean value of -19.5 ± 0.8‰. The δ13C values for the scurvy cohort (n = 3) ranged from -21.2‰ 
to -18.7‰, with a mean value of -19.7 ± 1.3‰. The δ13C values for the non-scurvy cohort (n = 
12) ranged from -20.4‰ to -17.9‰, with a mean value of -19.4 ± 0.7‰. There was no 
statistically significant difference between the mean scurvy and non-scurvy δ13C values for the 
C1 third hair segment samples (p=0.942) (Appendix G). The scatter plot of all juveniles for the 
C1 third hair segment can be found in Appendix H (Figure96). 
 The C1 cohort for each hair segment was also averaged in order in order to show trends 
in δ13C values for this cohort over the last three months of life. The scurvy cohort shows a slight 
increase in δ13C over the last three months of life, while the non-scurvy cohort shows a very 
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slight increase in δ13C values between the third and second months and no change from the 
second to the last month of life (Figure34). The difference between the scurvy third and first hair 
segments was not statistically significant (p = 0.817). The difference between the non-scurvy 
third and first hair segments was not statistically significant (p = 0.577). 
 
 
Figure 34: Averaged δ13C values for each hair segment of the C1 scurvy and non-scurvy cohorts 
showing trends in the last three months of life. 
 
 The C2 cohort first, second, and third hair segments were represented by 15, ten, and 
eight scurvy and non-scurvy juveniles, respectively. The δ13C values for the overall first hair 
segment ranged from -20.2‰ to -19.2‰, with a mean value of -19.7 ± 0.3‰. One outlier with a 
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more enriched δ13C value (burial 374) was present in this cohort (Figure 35). The δ13C values for 
the scurvy cohort (n = 4) ranged from -20.2‰ to -19.6‰, with a mean value of -19.9 ± 0.3‰. 
The δ13C values for the non-scurvy cohort (n = 11) ranged from -20.2‰ to -19.2‰, with a mean 
value of -19.7 ± 0.3‰. Two outliers were present in this cohort, one with a more enriched δ13C 
value (burial 374) and one with a less enriched δ13C value (burial 163) (Figure 36). There was no 
statistically significant difference between the mean scurvy and non-scurvy δ13C values for the 
C2 first hair segment samples (p = 0.290) (Appendix G). The scatter plot of all juveniles for the 
C2 first hair segment can be found in Appendix H (Figure 97). 
 
 
Figure 35: Box and whisker plot for δ13C indicating the outlier for the C2 overall first hair 
segment cohort. 
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Figure 36: Box and whisker plot for δ13C indicating the outliers for the C2 non-scurvy first hair 
segment cohort. 
 
 The δ13C values for the overall second hair segment ranged from -20.4‰ to -19.1‰, with 
a mean value of -19.7 ± 0.4‰. The δ13C values for the scurvy cohort (n = 3) ranged from -20.2‰ 
to -19.5‰, with a mean value of -19.9 ± 0.4‰. The δ13C values for the non-scurvy cohort (n = 7) 
ranged from -20.4‰ to -19.1‰, with a mean value of -19.6 ± 0.4‰. One outlier with a less 
enriched δ13C value (burial 584) was present in this subsample (Figure 37). There was no 
statistically significant difference between the mean scurvy and non-scurvy δ13C values for the 
C2 second hair segment samples (p = 0.410) (Appendix G). The scatter plot of all juveniles for 
the C2 second hair segment can be found in Appendix H (Figure 97). 
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Figure 37: Box and whisker plot for δ13C indicating the outlier for the C2 non-scurvy second hair 
segment cohort. 
 
 The δ13C values for the overall third hair segment ranged from -20.4‰ to -19.0‰, with a 
mean value of -19.7 ± 0.5‰. The δ13C values for the scurvy cohort (n = 3) ranged from -20.4‰ 
to -19.6‰, with a mean value of -20.0 ± 0.4‰. The δ13C values for the non-scurvy cohort (n = 5) 
ranged from -20.2‰ to -19.0‰, with a mean value of -19.5 ± 0.5‰. There was no statistically 
significant difference between the mean scurvy and non-scurvy δ13C values for the C2 third hair 
segment samples (p = 0.180) (Appendix G). The scatter plot of all juveniles for the C2 third hair 
segment can be found in Appendix H (Figure 97).  
 The C2 cohort for each hair segment was also averaged in order to show trends in δ13C 
values for this cohort over the last three months of life. The scurvy cohort shows a slight increase 
in δ13C values over the last three months of life, while the non-scurvy cohort shows a slight 
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decrease in δ13C values over the last three months of life (Figure 38). The difference between the 
scurvy third and first hair segments was not statistically significant (p = 0.593). The difference 
between the non-scurvy third and first hair segments was not statistically significant (p = 0.278). 
 
 
Figure 38: Averaged δ13C values for each hair segment of the C2 scurvy and non-scurvy cohorts 
showing trends in the last three months of life. 
 
 The C3 cohort first, second, and third hair segments were represented by 11, nine, and 
eight scurvy and non-scurvy juveniles, respectively. The δ13C values for the overall first hair 
segment ranged from -21.1‰ to -19.2‰, with a mean value of -19.8 ± 0.5‰. One outlier (burial 
260) was present in this cohort with a less enriched δ13C value (Figure 39). The δ13C values for 
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the scurvy cohort (n = 3) ranged from -21.1‰ to -19.5‰, with a mean value of -20.3 ± 0.8‰. 
The δ13C values for the non-scurvy cohort (n = 8) ranged from -20.1‰ to -19.2‰, with a mean 
value of -19.7 ± 0.3‰. There was no statistically significant difference between the mean scurvy 
and non-scurvy δ13C values for the C3 first hair segment samples (p = 0.258) (Appendix G). The 
scatter plot of all juveniles for the C3 first hair segment can be found in Appendix H (Figure 98). 
 
 
Figure 39: Box and whisker plot for δ13C indicating the outlier for the C3 overall first hair 
segment cohort. 
 
 The δ13C values for the overall second hair segment ranged from -20.4‰ to -19.3‰, with 
a mean value of -19.7 ± 0.4‰. The δ13C values for the scurvy cohort (n = 3) ranged from -20.4‰ 
to -19.3‰, with a mean value of -19.9 ± 0.6‰. The δ13C values for the non-scurvy cohort (n = 6) 
ranged from -20.2‰ to -19.3‰, with a mean value of -19.6 ± 0.4‰. There was no statistically 
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significant difference between the mean scurvy and non-scurvy δ13C values for the C3 second 
hair segment samples (p = 0.431) (Appendix G). The scatter plot of all juveniles for the C3 
second hair segment can be found in Appendix H (Figure 98). 
 The δ13C values for the overall third hair segment ranged from -20.1‰ to -19.1‰, with a 
mean value of -19.6 ± 0.3‰. The δ13C values for the scurvy cohort (n = 2) ranged from -20.1‰ 
to -19.3‰, with a mean value of -19.7 ± 0.6‰. The δ13C values for the non-scurvy cohort (n = 6) 
ranged from -20.0‰ to -19.1‰, with a mean value of -19.6 ± 0.3‰. One outlier (burial 239) was 
present in this cohort with a more enriched δ13C value (Figure 40). There was no statistically 
significant difference between the mean scurvy and non-scurvy δ13C values for the C3 third hair 
segment samples (p = 0.737) (Appendix G). The scatter plot of all juveniles for the C3 third hair 
segment can be found in Appendix H (Figure 98). 
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Figure 40: Box and whisker plot for δ13C indicating the outlier for the C3 non-scurvy third hair 
segment cohort. 
 
 The C3 cohort for each hair segment was also averaged in order to show trends in δ13C 
values for this cohort over the last three months of life. The scurvy cohort shows a slight 
decrease in δ13C values over the last three months of life, while the non-scurvy cohort δ13C 
remained fairly constant over the last three months of life with only a 0.1‰ increase from the 
second to first hair segment (Figure 41). The difference between the scurvy third and first hair 
segments was not statistically significant (p = 0.248). The difference between the non-scurvy 
third and first hair segments was not statistically significant (p = 0.513). 
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Figure 41: Averaged δ13C values for each hair segment of the C3 scurvy and non-scurvy cohorts 
showing trends in the last three months of life. 
 
Nail 
 A total of 54 individuals represented by proximal nail samples were analyzed for δ13C 
values. Descriptive statistics (mean, minimum, maximum, and standard deviation) were 
calculated for the proximal nail segments. The descriptive statistics for δ13C values from the nails 
can be found in Table 23. The δ13C values for proximal nail segments can be found in Appendix 
E (Table 58). 
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Table 23: Descriptive statistics for δ13C for proximal nail segments. Each category’s statistics are 
first presented as an overall representation, followed by those individuals who exhibited skeletal 
indicators of scurvy and then those who did not. Entries of “-“ indicate not enough data to 
calculate statistic. 
    
N Mean Min Max 
Standard 
Deviation 
Entire 
Sample 
Overall 54 -19.8 -22.5 -18.1 0.7 
Scurvy 10 -19.7 -20.7 -18.1 0.8 
Non-scurvy 44 -19.8 -22.5 -18.4 0.7 
F&P 
Overall - - - - - 
Scurvy - - - - - 
Non-scurvy 4 -19.5 -20.5 -18.7 0.7 
Neo 
Overall 18 -19.4 -20.4 -18.1 0.5 
Scurvy 3 -18.9 -19.5 -18.1 0.7 
Non-scurvy 15 -19.5 -20.4 -18.4 0.4 
C1 
Overall 18 -20.0 -22.5 -19.0 0.8 
Scurvy 4 -19.7 -19.9 -19.5 0.2 
Non-scurvy 14 -20.1 -22.5 -19.0 0.9 
C2 
Overall 10 -20.1 -20.7 -18.6 0.6 
Scurvy 2 -20.3 -20.7 -19.9 0.6 
Non-scurvy 8 -20.0 -20.6 -18.6 0.6 
C3 
Overall 4 -20.5 -20.8 -20.2 0.3 
Scurvy 1 -20.7 - - - 
Non-scurvy 3 -20.4 -20.8 -20.2 0.3 
 
The δ13C values for the proximal nail segment of the entire sample ranged from -22.5‰ 
to -18.1‰, with a mean value of -19.8 ± 0.7‰. The ten individuals who exhibited skeletal 
indicators of scurvy had δ13C values that ranged from -20.7‰ to -18.1‰, with a mean value of -
19.7 ± 0.8‰. The 44 individuals who did not exhibit skeletal indicators of scurvy had δ13C 
values that ranged from -22.5‰ to -18.4‰, with a mean value of -19.8 ± 0.7‰. There was no 
statistically significant difference between the mean scurvy and non-scurvy δ13C values for the 
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overall proximal nail segment samples (p=0.631) (Appendix F). The scatter plot of δ13C and δ15N 
values for the overall proximal nail segment cohort can be seen in Figure 42. 
 
 
Figure 42: Scatter plot of δ13C and δ15N values for the overall proximal nail segment cohort. 
 
When the δ13C values for the proximal nail segment were plotted by age, a similar trend to other 
tissues can be seen. The younger ages exhibited a greater range in δ13C values, with the range 
decreasing as age increases (Figure 43). 
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Figure 43: Proximal nail segment average δ13C values plotted by mean age. 
 
 The F&P cohort represented by the proximal nail segment consisted of four individuals, 
none of which exhibited skeletal indicators of scurvy. The δ13C for F&P cohort ranged from -
20.5‰ to -18.7‰, with a mean value of -19.5 ± 0.7‰. The scatter plot of δ13C and δ15N values 
for the F&P proximal nail segment cohort can be seen in Figure 44. The neonatal cohort 
represented by the proximal nail segment consisted of 18 individuals, three who exhibited 
skeletal indicators of scurvy and 15 who did not. The δ13C for the neonatal cohort ranged from -
20.4‰ to -18.1‰, with a mean value of -19.4 ± 0.5‰. The δ13C values for those neonatal cohort 
individuals who exhibited skeletal indicators of scurvy ranged from -19.5‰ to -18.1‰, with a 
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mean value of -18.9 ± 0.7‰. The δ13C values for those neonatal cohort individuals who did not 
present with skeletal indicators of scurvy ranged from -20.4‰ to -18.4‰, with a mean value of -
19.5 ± 0.4‰. There was no statistically significant difference between the mean scurvy and non-
scurvy δ13C values for the neonatal proximal nail segment samples (p=0.073) (Appendix G). The 
scatter plot of δ13C and δ15N values for the neonatal proximal nail segment cohort can be seen in 
Figure 45  
 
 
Figure 44: Scatter plot of δ13C and δ15N values for the F&P proximal nail segment cohort. 
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Figure 45: Scatter plot of δ13C and δ15N values for the neonatal proximal nail segment cohort. 
 
 The C1 cohort represented by the proximal nail segment consisted of 18 individuals, four 
who exhibited skeletal indicators of scurvy and 14 who did not. The δ13C values for the entire C1 
cohort ranged from -22.5‰ to -19.0‰, with a mean value of -20.0 ± 0.8‰. The δ13C values for 
those C1 cohort individuals who exhibited skeletal indicators of scurvy ranged from -19.9‰ to           
-19.5‰, with a mean value of -19.7 ± 0.2‰. The δ13C values for those C1 cohort individuals 
who did not present with skeletal indicators of scurvy ranged from -22.5‰ to -19.0‰, with a 
mean value of -20.1 ± 0.9‰. There was no statistically significant difference between the mean 
scurvy and non-scurvy δ13C values for the C1 proximal nail segment samples (p=0.242) 
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(Appendix G). The scatter plot of δ13C and δ15N values for the C1 proximal nail segment cohort 
can be seen in Figure 46. 
 
 
Figure 46: Scatter plot of δ13C and δ15N values for the C1 proximal nail segment cohort. 
 
 The C2 cohort represented by the proximal nail segment consisted of ten individuals, two 
who exhibited skeletal indicators of scurvy and eight who did not. The δ13C values for the entire 
C2 cohort ranged from -20.7‰ to -18.6‰, with a mean value of -20.1 ± 0.6‰. The δ13C values 
for those C2 cohort individuals who exhibited skeletal indicators of scurvy ranged from -20.7‰ 
to -19.9‰, with a mean value of -20.3 ± 0.6‰. The δ13C values for those C2 cohort individuals 
who did not present with skeletal indicators of scurvy ranged from -20.6‰ to -18.6‰, with a 
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mean value of -20.0 ± 0.6‰. There was no statistically significant difference between the mean 
scurvy and non-scurvy δ13C values for the C2 proximal nail segment samples (p=0.595) 
(Appendix G). The scatter plot of δ13C and δ15N values for the C2 proximal nail segment cohort 
can be seen in Figure 47. 
 
 
Figure 47: Scatter plot of δ13C and δ15N values for the C2 proximal nail segment cohort. 
 
 The C3 cohort represented by the proximal nail segment consisted of four individuals, 
one who exhibited skeletal indicators of scurvy and three who did not. The δ13C values for the 
entire C3 cohort ranged from -20.8‰ to -20.2‰, with a mean value of -20.5 ± 0.3‰. The δ13C 
values for the C3 cohort individual who exhibited skeletal indicators of scurvy was -20.7‰. The 
114 
 
δ13C values for those C3 cohort individuals who did not present with skeletal indicators of scurvy 
ranged from      -20.8‰ to -20.2‰, with a mean value of -20.4 ± 0.3‰. There was no 
statistically significant difference between the mean scurvy and non-scurvy δ13C values for the 
C3 proximal nail segment samples (p=0.637) (Appendix G). The scatter plot of δ13C and δ15N 
values for the C3 proximal nail segment cohort can be seen in Figure 48. 
 
 
Figure 48: Scatter plot of δ13C and δ15N values for the C3 proximal nail segment cohort. 
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Skin 
 A total of 78 skin samples, each representing one individual, were analyzed for δ13C 
values. All descriptive statistics (mean, minimum, maximum, and standard deviation) for δ13C 
values from skin can be found in Table 24. The δ13C values of skin for applicable individuals can 
be found in Appendix E (Table 59).  
 
Table 24: Descriptive statistics for δ13C for skin. Each category’s statistics are first presented as 
an overall representation, followed by those individuals who exhibited skeletal indicators of 
scurvy and then those who did not. Entries of “-“ indicate not enough data to calculate statistic. 
    
N Mean Min Max 
Standard 
Deviation 
Entire 
Sample 
Overall 78 -20.0 -22.7 -18.5 0.9 
Scurvy 19 -20.0 -22.2 -18.7 0.9 
Non-scurvy 59 -20.1 -22.7 -18.5 0.9 
F&P 
Overall 9 -20.6 -21.8 -19.6 0.7 
Scurvy 1 -19.6 - - - 
Non-scurvy 8 -20.7 -21.8 -20.0 0.6 
Neo 
Overall 28 -19.9 -22.7 -18.7 0.9 
Scurvy 5 -19.7 -20.9 -18.7 1.0 
Non-scurvy 23 -19.9 -22.7 -19.1 0.9 
C1 
Overall 22 -19.9 -21.7 -18.6 0.8 
Scurvy 6 -19.8 -21.7 -19.1 1.0 
Non-scurvy 16 -19.9 -20.9 -18.6 0.7 
C2 
Overall 11 -20.1 -22.4 -18.8 1.2 
Scurvy 4 -20.6 -22.2 -19.6 1.1 
Non-scurvy 7 -19.8 -22.4 -18.8 1.3 
C3 
Overall 8 -20.3 -22.0 -18.5 1.0 
Scurvy 3 -20.2 -20.6 -19.6 0.5 
Non-scurvy 5 -20.4 -22.0 -18.5 1.3 
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The δ13C values for the overall skin sample ranged from -22.7‰ to -18.5‰, with a mean 
value of -20.0 ± 0.9‰. Of the 78 individuals whose skin was analyzed, a total of 19 individuals 
exhibited skeletal indicators of scurvy. The δ13C values for this cohort ranged from -22.2‰ to -
18.7‰, with a mean value of -20.0 ± 0.9‰. The remaining 59 individuals did not exhibit skeletal 
indicators of scurvy. The δ13C values for this second cohort ranged from -22.7‰ to -18.5‰, with 
a mean value of -20.1 ± 0.9‰. There was no statistically significant difference between the mean 
scurvy and non-scurvy δ13C values for the overall skin samples (p=0.744) (Appendix F). The 
scatter plot of δ13C and δ15N values for the overall skin sample can be seen in Figure 49. 
 
 
Figure 49: Scatter plot of δ13C and δ15N values for the overall skin cohort. 
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When the δ13C values for skin were plotted by age, less adherence to any trend is seen 
(Figure 50). While the range of δ13C values decreases as age increases, the individual δ13C values 
are much more widely dispersed from both their respective scurvy and non-scurvy linear trend 
lines and the adult female average. 
 
 
Figure 50: Skin δ13C values plotted by mean age. 
 
 The δ13C values for skin were again divided into age at death cohorts. The F&P cohort 
represented by skin consisted of nine individuals, one who exhibited skeletal indicators of scurvy 
and eight who did not. The δ13C for F&P cohort ranged from -21.8‰ to -19.6‰, with a mean 
value of -20.6 ± 0.7‰. The δ13C values for the F&P cohort individual who exhibited skeletal 
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indicators of scurvy was -19.6‰. The δ13C values for those F&P cohort individuals who did not 
present with skeletal indicators of scurvy ranged from -21.8‰ to -20.0‰, with a mean value of -
20.7 ± 0.6‰. There was no statistically significant difference between the mean scurvy and non-
scurvy δ13C values for the F&P skin samples (p=0.120) (Appendix G). The scatter plot of δ13C 
and δ15N values for the F&P skin cohort can be seen in Figure 51. The neonatal cohort 
represented by skin consisted of 28 individuals, five who exhibited skeletal indicators of scurvy 
and 23 who did not. The δ13C for the neonatal cohort ranged from -22.7‰ to -18.7‰, with a 
mean value of -19.9 ± 0.9‰. The δ13C values for those neonatal cohort individuals who 
exhibited skeletal indicators of scurvy ranged from -20.9‰ to -18.7‰, with a mean value of -
19.7 ± 1.0‰. The δ13C values for those neonatal cohort individuals who did not present with 
skeletal indicators of scurvy ranged from -22.7‰ to -19.1‰, with a mean value of -19.9 ± 0.9‰. 
There was no statistically significant difference between the mean scurvy and non-scurvy δ13C 
values for the neonatal skin samples (p=0.787) (Appendix G). The scatter plot of δ13C and δ15N 
values for the neonatal skin sample can be seen in Figure 52. 
119 
 
 
Figure 51: Scatter plot of δ13C and δ15N values for the F&P skin cohort. 
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Figure 52: Scatter plot of δ13C and δ15N values for the neonatal skin cohort. 
 
 The C1 cohort represented by skin consisted of 22 individuals, six who exhibited skeletal 
indicators of scurvy and 16 who did not. The δ13C values for the entire C1 cohort ranged from            
-21.7‰ to -18.6‰, with a mean value of -19.9 ± 0.8‰. The δ13C values for those C1 cohort 
individuals who exhibited skeletal indicators of scurvy ranged from -21.7‰ to -19.1‰, with a 
mean value of -19.8 ± 1.0‰. The δ13C values for those C1 cohort individuals who did not 
present with skeletal indicators of scurvy ranged from -20.9‰ to -18.6‰, with a mean value of -
19.9 ± 0.7‰. There was no statistically significant difference between the mean scurvy and non-
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scurvy δ13C values for the C1 skin samples (p=0.605) (Appendix G). The scatter plot of δ13C and 
δ15N values for the C1 skin sample can be seen in Figure 53. 
 
 
Figure 53: Scatter plot of δ13C and δ15N values for the C1 skin cohort. 
 
 The C2 cohort represented by skin consisted of 11 individuals, four who exhibited 
skeletal indicators of scurvy and seven who did not. The δ13C values for the entire C2 cohort 
ranged from -22.4‰ to -18.8‰, with a mean value of -20.1 ± 1.2‰. The δ13C values for those 
C2 cohort individuals who exhibited skeletal indicators of scurvy ranged from -22.2‰ to -
19.6‰, with a mean value of -20.6 ± 1.1‰. The δ13C values for those C2 cohort individuals who 
did not present with skeletal indicators of scurvy ranged from -22.4‰ to -18.8‰, with a mean 
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value of -19.8 ± 1.3‰. There was no statistically significant difference between the mean scurvy 
and non-scurvy δ13C values for the C2 skin samples (p=0.185) (Appendix G). The scatter plot of 
δ13C and δ15N values for the C2 skin sample can be seen in Figure 54. 
 
 
Figure 54: Scatter plot of δ13C and δ15N values for the C2 skin cohort. 
 
 The C3 cohort represented by skin consisted of eight individuals, three who exhibited 
skeletal indicators of scurvy and five who did not. The δ13C values for the entire C3 cohort 
ranged from -22.0‰ to -18.5‰, with a mean value of -20.3 ± 1.0‰. The δ13C values for those 
C3 cohort individuals who exhibited skeletal indicators of scurvy ranged from -20.6‰ to -
19.6‰, with a mean value of -20.2 ± 0.5‰. The δ13C values for those C3 cohort individuals who 
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did not present with skeletal indicators of scurvy ranged from -22.0‰ to -18.5‰, with a mean 
value of -20.4 ± 1.3‰. There was no statistically significant difference between the mean scurvy 
and non-scurvy δ13C values for the C3 skin samples (p=0.655) (Appendix G). The scatter plot of 
δ13C and δ15N values for the C3 skin sample can be seen in Figure 55. 
 
 
Figure 55: Scatter plot of δ13C and δ15N values for the C3 skin cohort. 
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Intra-tissue δ13C Differences between Scurvy and Non-Scurvy Cohorts  
 The differences between mean δ13C values of the scurvy and non-scurvy cohorts within 
each tissue and age cohort were compared for significant differences. The differences can be 
found in Tables 25 - 30.The difference in mean δ13C values between the overall bone collagen 
scurvy and non-scurvy samples was -0.1‰. The difference in mean δ13C values between the 
F&P bone collagen scurvy and non-scurvy samples was 0.9‰. The difference in mean δ13C 
values between the neonatal bone collagen scurvy and non-scurvy samples was 0.3‰. The 
difference in mean δ13C values between the C1 bone collagen scurvy and non-scurvy samples 
was -0.3‰. The difference in mean δ13C values between the C2 bone collagen scurvy and non-
scurvy samples was 0.1‰. The difference in mean δ13C values between the C3 bone collage 
scurvy and non-scurvy samples was -0.3‰. 
 
Table 25: Differences between mean δ13C values of the scurvy and non-scurvy bone collagen 
samples, both as an overall sample and within each age cohort. 
 
Scurvy Samples Non-Scurvy Samples 
Δ Scurvy - Non-
Scurvy 
Age 
Cohort 
Number of 
Individuals 
Mean δ¹³C 
(‰) 
Number of 
Individuals 
Mean δ¹³C 
(‰) 
Mean δ¹³C (‰) 
Overall 11 -18.9 13 -18.8 -0.1 
F&P 1 -18.4 1 -19.3 0.9 
Neonatal 2 -18.5 2 -18.8 0.3 
C1 3 -18.9 7 -18.6 -0.3 
C2 3 -19.0 2 -19.1 0.1 
C3 2 -19.4 1 -19.1 -0.3 
 
 The difference in mean δ13C values between the overall first hair segment scurvy and 
non-scurvy samples was 0.1‰. The difference in mean δ13C values between the neonatal first 
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hair segment scurvy and non-scurvy samples was 0.4‰. The difference in mean δ13C values 
between the C1 first hair segment scurvy and non-scurvy samples was 0.1‰. The difference in 
mean δ13C values between the C2 first hair segment scurvy and non-scurvy samples was -0.3‰. 
The difference in mean δ13C values between the C3 first hair segment scurvy and non-scurvy 
samples was -0.6‰. 
 
Table 26: Differences between mean δ13C values of the scurvy and non-scurvy first hair segment 
samples, both as an overall sample and within each age cohort. 
 Scurvy Samples Non-Scurvy Samples Δ Scurvy - Non-Scurvy 
Age 
Cohort 
Number of 
Individuals 
Mean δ¹³C 
(‰) 
Number of 
Individuals 
Mean δ¹³C 
(‰) 
Mean δ¹³C (‰) 
Overall 21 -19.4 112 -19.5 0.1 
F&P 0 - 38 -19.8 - 
Neonatal 7 -18.9 32 -19.3 0.4 
C1 7 -19.3 24 -19.4 0.1 
C2 4 -19.9 10 -19.6 -0.3 
C3 3 -20.3 8 -19.7 -0.6 
 
 The difference in mean δ13C values between the overall second hair segment scurvy and 
non-scurvy samples was -0.2‰. The difference in mean δ13C values between the neonatal second 
hair segment scurvy and non-scurvy samples was 0.1‰. The difference in mean δ13C values 
between the C1 second hair segment scurvy and non-scurvy samples was -0.2‰. The difference 
in mean δ13C values between the C2 second hair segment scurvy and non-scurvy samples was -
0.4‰. The difference in mean δ13C values between the C3 second hair segment scurvy and non-
scurvy samples was -0.3‰. 
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Table 27: Differences between mean δ13C values of the scurvy and non-scurvy second hair 
segment samples, both as an overall sample and within each age cohort. 
 Scurvy Samples Non-Scurvy Samples Δ Scurvy - Non-Scurvy 
Age 
Cohort 
Number of 
Individuals 
Mean δ¹³C 
(‰) 
Number of 
Individuals 
Mean δ¹³C 
(‰) 
Mean δ¹³C (‰) 
Overall 15 -19.5 51 -19.3 -0.2 
F&P - - 9 -19.4 - 
Neonatal 4 -18.8 11 -18.9 0.1 
C1 5 -19.5 19 -19.3 -0.2 
C2 3 -19.9 6 -19.5 -0.4 
C3 3 -19.9 6 -19.6 -0.3 
 
 The difference in mean δ13C values between the overall third hair segment scurvy and 
non-scurvy samples was -0.4‰. Since the neonatal cohort did not include any individuals 
exhibiting signs of scurvy with a third hair segment, a difference could not be calculated. The 
difference in mean δ13C values between the C1 third hair segment scurvy and non-scurvy 
samples was -0.2‰. The difference in mean δ13C values between the C2 third hair segment 
scurvy and non-scurvy samples was -0.7‰. The difference in mean δ13C values between the C3 
third hair segment scurvy and non-scurvy samples was -0.1‰. 
 
Table 28: Differences between mean δ13C values of the scurvy and non-scurvy third hair 
segment samples, both as an overall sample and within each age cohort. 
 Scurvy Samples Non-Scurvy Samples Δ Scurvy - Non-Scurvy 
Age 
Cohort 
Number of 
Individuals 
Mean δ¹³C 
(‰) 
Number of 
Individuals 
Mean δ¹³C 
(‰) 
Mean δ¹³C (‰) 
Overall 8 -19.8 32 -19.4 -0.4 
F&P - - 5 -19.1 - 
Neonatal - - 4 -19.0 - 
C1 3 -19.7 13 -19.5 -0.2 
C2 3 -20.0 4 -19.3 -0.7 
C3 2 -19.7 6 -19.6 -0.1 
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 The difference in mean δ13C values between the overall proximal nail segment scurvy 
and non-scurvy samples was 0.1‰. The difference in mean δ13C values between the neonatal 
proximal nail segment scurvy and non-scurvy samples was 0.6‰. The difference in mean δ13C 
values between the C1 proximal nail segment scurvy and non-scurvy samples was 0.5‰. The 
difference in mean δ13C values between the C2 proximal nail segment scurvy and non-scurvy 
samples was -0.4‰. The difference in mean δ13C values between the C3 proximal nail segment 
scurvy and non-scurvy samples was -0.3‰. 
 
Table 29: Differences between mean δ13C values of the scurvy and non-scurvy proximal nail 
segment samples, both as an overall sample and within each age cohort. 
 Scurvy Samples Non-Scurvy Samples Δ Scurvy - Non-Scurvy 
Age 
Cohort 
Number of 
Individuals 
Mean δ¹³C 
(‰) 
Number of 
Individuals 
Mean δ¹³C 
(‰) 
Mean δ¹³C (‰) 
Overall 10 -19.7 44 -19.8 0.1 
F&P - - 4 -19.5 - 
Neonatal 3 -18.9 15 -19.5 0.6 
C1 4 -19.7 15 -20.2 0.5 
C2 2 -20.3 7 -19.9 -0.4 
C3 1 -20.7 3 -20.4 -0.3 
 
 The difference in mean δ13C values between the overall skin scurvy and non-scurvy 
samples was 0.1‰. The difference in mean δ13C values between the F&P skin scurvy and non-
scurvy samples was 1.1‰. The difference in mean δ13C values between the neonatal skin scurvy 
and non-scurvy samples was 0.2‰. The difference in mean δ13C values between the C1 skin 
scurvy and non-scurvy samples was 0.1‰. The difference in mean δ13C values between the C2 
skin scurvy and non-scurvy samples was -0.8‰. The difference in mean δ13C values between the 
C3 skin scurvy and non-scurvy samples was 0.2‰. 
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Table 30: Differences between mean δ13C values of the scurvy and non-scurvy skin samples, 
both as an overall sample and within each age cohort. 
 Scurvy Samples Non-Scurvy Samples Δ Scurvy - Non-Scurvy 
Age 
Cohort 
Number of 
Individuals 
Mean δ¹³C 
(‰) 
Number of 
Individuals 
Mean δ¹³C 
(‰) 
Mean δ¹³C (‰) 
Overall 19 -20.0 59 -20.1 0.1 
F&P 1 -19.6 8 -20.7 1.1 
Neonatal 5 -19.7 23 -19.9 0.2 
C1 6 -19.8 16 -19.9 0.1 
C2 4 -20.6 7 -19.8 -0.8 
C3 3 -20.2 5 -20.4 0.2 
 
Stable Nitrogen Isotope Results 
Bone Collagen 
 A total of 24 bone collagen samples were analyzed for δ15N values. All descriptive 
statistics (mean, minimum, maximum, and standard deviation) for δ15N values from bone 
collagen can be found in Table 31. The δ15N values of bone collagen for all individuals can be 
found in Appendix E (Table 56). 
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Table 31 Descriptive statistics for δ15N values for bone collagen. Each category’s statistics are 
first presented as an overall representation, followed by those individuals who exhibited skeletal 
indicators of scurvy and those who did not. Entries of “-“ indicate not enough data available to 
calculate the statistic. 
    
N Mean Min Max 
Standard 
Deviation 
Entire 
Sample 
Overall 24 18.9 16.4 22.2 1.6 
Scurvy 11 18.7 17.3 20.9 1.3 
Non-scurvy 13 19.1 16.4 22.2 1.8 
F&P 
Overall 2 19.1 19.0 19.2 0.1 
Scurvy 1 19.0 - - - 
Non-scurvy 1 19.2 - - - 
Neo 
Overall 4 21.1 19.8 22.2 1.0 
Scurvy 2 20.4 19.8 20.9 0.8 
Non-scurvy 2 21.8 21.3 22.2 0.6 
C1 
Overall 10 19.2 17.4 21.6 1.4 
Scurvy 3 19.0 17.9 20.8 1.6 
Non-scurvy 7 19.3 17.4 21.6 1.4 
C2 
Overall 5 17.4 16.4 18.1 0.6 
Scurvy 3 17.7 17.3 18.1 0.4 
Non-scurvy 2 17.0 16.4 17.6 0.8 
C3 
Overall 3 17.7 17.2 18.1 0.5 
Scurvy 2 18.0 17.9 18.1 0.1 
Non-scurvy 1 17.2 - - - 
 
The δ15N values for the entire sample ranged from 16.4‰ to 22.2‰, with a mean value 
of 18.9 ± 1.6‰. Of these 24 samples, 11 individuals exhibited skeletal indicators of scurvy. The 
δ15N values for this cohort ranged from 17.3‰ to 20.9‰, with a mean value of 18.7 ± 1.3‰. 
The remaining 13 individuals did not exhibit skeletal indicators of scurvy. The δ15N values for 
this second cohort ranged from 16.4‰ to 22.2‰, with a mean value of 19.1 ± 1.8‰. There was 
no statistically significant difference between the mean scurvy and non-scurvy δ15N values for 
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the overall bone collagen samples (p = 0.622) (Appendix F). ). The δ13C and δ15N values of the 
scurvy and non-scurvy cohorts are shown in Figure 10. 
 When the δ15N values for bone collagen were plotted by age, a general trend can be seen. 
The scurvy and non-scurvy cohorts both show a trend of decreasing δ15N values as age increases 
(Figure 56). 
 
 
Figure 56: Bone collagen δ15N values plotted by mean age. 
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19.2‰, respectively. The δ15N values for the F&P cohort had a mean value of 19.1 ± 0.1‰. 
There was no statistically significant difference between the mean scurvy and non-scurvy δ15N 
values for the F&P bone collagen samples (p = 0.317) (Appendix G). The δ13C and δ15N values 
of the F&P scurvy and non-scurvy cohorts are shown in Figure 12. The neonatal cohort 
represented by bone collagen consisted of four individuals, two who exhibited skeletal indicators 
of scurvy and two who did not. The δ15N values for the entire neonatal cohort ranged from 
19.8‰ to 22.2‰, with a mean value of 21.1 ± 1.0‰. The δ15N values for those neonatal cohort 
individuals who exhibited skeletal indicators of scurvy ranged from 19.8‰ to 20.9‰, with a 
mean value of 20.4 ± 0.8‰. The δ15N values for those neonatal cohort individuals who did not 
exhibit skeletal indicators of scurvy ranged from 21.3‰ to 22.2‰, with a mean value of 21.8 ± 
0.6‰. There was no statistically significant difference between the mean scurvy and non-scurvy 
δ15N values for the neonatal bone collagen samples (p = 0.121) (Appendix G). The δ13C and δ15N 
values of the neonatal scurvy and non-scurvy cohorts are shown in Figure 12. 
 The C1 cohort represented by bone collagen consisted of ten individuals, three who 
exhibited skeletal indicators of scurvy and seven who did not. The δ15N values for the entire C1 
cohort ranged from 17.4‰ to 21.6‰, with a mean value of 19.2 ± 1.4‰. The δ15N values for 
those C1 cohort individuals who exhibited skeletal indicators of scurvy ranged from 17.9‰ to 
20.8‰, with a mean value of 19.0 ± 1.6‰. The δ15N values for those C1 cohort individuals who 
did not exhibit skeletal indicators of scurvy ranged from 17.4‰ to 21.6‰, with a mean value of 
19.3 ± 1.4‰. There was no statistically significant difference between the mean scurvy and non-
scurvy δ15N values for the C1 bone collagen samples (p = 0.819) (Appendix G). The δ13C and 
δ15N values of the C1 scurvy and non-scurvy cohorts are shown in Figure 14. 
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 The C2 cohort represented by bone collagen consisted of five individuals, three who 
exhibited skeletal indicators of scurvy and two who did not. The δ15N values for the entire C2 
cohort ranged from 16.4‰ to 18.1‰, with a mean value of 17.4 ± 0.6‰. Two outliers were 
present in this cohort, one with a more enriched δ15N value (burial 520) and one with a less 
enriched δ15N value (burial 582) (Figure 57). The δ15N values for those C2 cohort individuals 
who exhibited skeletal indicators of scurvy ranged from 17.3‰ to 18.1‰, with a mean value of 
17.7 ± 0.4‰. The δ15N values for those C2 cohort individuals who did not exhibit skeletal 
indicators of scurvy ranged from 16.4‰ to 17.6‰, with a mean value of 17.0 ± 0.8‰. There was 
no statistically significant difference between the mean scurvy and non-scurvy δ15N values for 
the C2 bone collagen samples (p = 0.374) (Appendix G). The δ13C and δ15N values of the C2 
scurvy and non-scurvy cohorts are shown in Figure 15. 
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Figure 57: Box and whisker plot for δ15N indicating the outliers for the C2 bone collagen cohort. 
 
 The C3 cohort represented by bone collagen consisted of three individuals, two who 
exhibited skeletal indicators of scurvy and one who did not. The δ15N values for the entire C3 
cohort ranged from 17.2‰ to 18.1‰, with a mean value of 17.7± 0.5‰. The δ15N values for 
those C3 cohort individuals who exhibited skeletal indicators of scurvy ranged from 17.9‰ to 
18.1‰, with a mean value of 18.0 ± 0.1‰. The δ15N value for the C3 individual who did not 
exhibit skeletal indicators of scurvy was 17.2‰. There was no statistically significant difference 
between the mean scurvy and non-scurvy δ15N values for the C3 bone collagen samples (p = 
0.221) (Appendix G). The δ13C and δ15N values of the C3 scurvy and non-scurvy cohorts are 
shown in Figure 16. 
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Hair 
 A total of 132 individuals represented by one to three hair segments (measuring 1cm in 
length each), were analyzed for δ15N values. There were 67 juveniles who provided only one hair 
segment, 26 who provided two segments, and 39 who provided three segments. Descriptive 
statistics (mean, minimum, maximum, and standard deviation) for the δ15N values of each of the 
first three hair segments were calculated separately and can be found in Tables 32 - 34. The δ15N 
values for up to the first three hair segments for these individuals can be found in Appendix E 
(Table 57). The overall descriptive and statistical tests for each hair segment are presented first. 
Then, in order to see trends over the last three months of life, the mean of each segment for each 
age cohort is presented together. 
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Table 32: Descriptive statistics for δ15N values for the first hair segment. Each category’s 
statistics are first presented as an overall representation, followed by those individuals who 
exhibited skeletal indicators of scurvy and those who did not. Entries of “-“ indicate not enough 
data available to calculate the statistic. 
    
N Mean Min Max 
Standard 
Deviation 
Entire 
Sample 
Overall 132 18.7 15.1 23.6 1.7 
Scurvy 21 18.6 15.2 22.1 1.8 
Non-scurvy 111 18.7 15.1 23.6 1.6 
F&P 
Overall - - - - - 
Scurvy - - - - - 
Non-scurvy 35 18.6 16.1 21.8 1.3 
Neo 
Overall 41 19.7 16.2 23.6 1.6 
Scurvy 7 20.1 18.5 22.1 1.2 
Non-scurvy 34 19.6 16.2 23.6 1.7 
C1 
Overall 30 18.5 15.1 21.9 1.7 
Scurvy 7 18.0 15.2 20.8 2.1 
Non-scurvy 23 18.7 15.1 21.9 1.6 
C2 
Overall 15 17.5 15.3 20.5 1.3 
Scurvy 4 17.6 16.6 18.7 1.0 
Non-scurvy 11 17.4 15.3 20.5 1.4 
C3 
Overall 11 17.6 16.4 19.0 0.9 
Scurvy 3 17.9 17.1 19.0 1.0 
Non-scurvy 8 17.5 16.4 18.7 0.9 
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Table 33: Descriptive statistics for δ15N values for the second hair segment. Each category’s 
statistics are first presented as an overall representation, followed by those individuals who 
exhibited skeletal indicators of scurvy and those who did not. Entries of “-“ indicate not enough 
data available to calculate the statistic. 
    
N Mean Min Max 
Standard 
Deviation 
Entire 
Sample 
Overall 65 18.4 15.3 23.4 1.6 
Scurvy 15 18.2 15.8 22.0 1.7 
Non-scurvy 50 18.4 15.3 23.4 1.6 
F&P 
Overall - - - - - 
Scurvy - - - - - 
Non-scurvy 7 17.8 16.4 18.9 1.0 
Neo 
Overall 16 19.8 16.7 23.4 1.7 
Scurvy 4 20.0 18.5 22.0 1.5 
Non-scurvy 12 19.7 16.7 23.4 1.9 
C1 
Overall 23 18.3 15.3 21.9 1.6 
Scurvy 5 17.8 15.8 19.7 1.7 
Non-scurvy 18 18.5 15.3 21.9 1.6 
C2 
Overall 10 17.1 15.9 18.4 0.9 
Scurvy 3 17.1 16.4 18.4 1.1 
Non-scurvy 7 17.1 15.9 18.2 0.8 
C3 
Overall 9 17.9 16.6 18.8 0.8 
Scurvy 3 17.7 17.0 18.8 0.9 
Non-scurvy 6 18.0 16.6 18.6 0.7 
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Table 34: Descriptive statistics for δ15N values for the third hair segment. Each category’s 
statistics are first presented as an overall representation, followed by those individuals who 
exhibited skeletal indicators of scurvy and those who did not. Entries of “-“ indicate not enough 
data available to calculate the statistic. 
    
N Mean Min Max 
Standard 
Deviation 
Entire 
Sample 
Overall 39 18.2 15.5 21.8 1.4 
Scurvy 8 17.8 16.3 19.9 1.3 
Non-scurvy 31 18.3 15.5 21.8 1.4 
F&P 
Overall - - - - - 
Scurvy - - - - - 
Non-scurvy 3 18.3 17.7 19.2 0.8 
Neo 
Overall - - - - - 
Scurvy - - - - - 
Non-scurvy 5 19.0 18.0 20.8 1.4 
C1 
Overall 15 18.8 16.3 21.8 1.5 
Scurvy 3 18.5 16.3 19.9 1.9 
Non-scurvy 12 18.8 16.6 21.8 1.4 
C2 
Overall 8 17.0 15.5 18.7 1.1 
Scurvy 3 17.2 16.7 18.1 0.8 
Non-scurvy 5 16.8 15.5 18.7 1.3 
C3 
Overall 8 17.7 16.8 19.0 0.6 
Scurvy 2 17.5 17.4 17.6 0.1 
Non-scurvy 6 17.8 16.8 19.0 0.7 
 
 The δ15N values for the overall first hair segment ranged from 15.1‰ to 23.6‰, with a 
mean value of 18.7 ± 1.7‰. The 21 juveniles who exhibited skeletal indicators of scurvy had 
δ15N values that ranged from 15.2‰ to 22.1‰, with a mean value of 18.6 ± 1.8‰. The 111 
individuals who did not exhibit skeletal indicators of scurvy had δ15N values that ranged from 
15.1‰ to 23.6‰, with a mean value of 18.7 ± 1.6‰. There was no statistically significant 
difference between the mean scurvy and non-scurvy δ15N values for the overall first hair segment 
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samples (p = 0.879) (Appendix F). The δ13C and δ15N values of the overall first hair segment 
scurvy and non-scurvy cohorts are shown in Figure 17. 
 When the δ15N values for each hair segment were plotted by age, all hair cohorts 
exhibited a greater range in δ15N values in the younger ages with the range decreasing as age 
increased (Figures 58 - -60). Additionally, for all hair cohorts, the change in average δ15N values 
between age cohorts follows a pattern of increasing between the F&P and neonatal cohorts, 
decreasing between the neonatal and C1 cohorts, decreasing between the C1 and C2 cohorts, and 
increasing between the C2 and C3 cohorts (Table 35). 
 
 
Figure 58: First hair segment δ15N values plotted by mean age. 
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Figure 59: Second hair segment δ15N values plotted by mean age. 
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Figure 60: Third hair segment δ15N values plotted by mean age. 
 
 
Table 35: Average δ15N values, in ‰, for the first, second, and third hair segments for each age 
cohort. The arrow next to the δ15N values (except the F&P cohort) in each sample column 
indicates either a decrease (  ) or increase (  ) in average δ15N value from the cohort above. 
 
1st 
Segment 
(‰) 
2nd 
Segment 
(‰) 
3rd 
Segment 
(‰) 
F&P 18.6 18.1 18.7 
Neonatal 19.8 20.0 19.0 
C1 18.5 18.3 18.6 
C2 17.5 17.1 17.1 
C3 17.6 17.9 17.7 
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 The δ15N values for the overall second hair segment ranged from 15.3‰ to 23.4‰, with a 
mean value of 18.4 ± 1.6‰. The 15 individuals who exhibited skeletal indicators of scurvy had 
δ15N values that ranged from 15.8‰ to 22.0‰, with a mean value of 18.2 ± 1.7‰. The 
remaining 50 individuals who did not exhibit skeletal indicators of scurvy had δ15N values that 
ranged from 15.3‰ to 23.4‰, with a mean value of 18.4 ± 1.6‰. There was no statistically 
significant difference between the mean scurvy and non-scurvy δ15N values for the overall 
second hair segment samples (p = 0.761) (Appendix F). The δ13C and δ15N values of the overall 
second hair segment scurvy and non-scurvy cohorts are shown in Figure 18. 
 The δ15N values for the overall third hair segment ranged from 15.5‰ to 21.8‰, with a 
mean value of 18.2 ± 1.4‰. Eight individuals exhibited skeletal indicators of scurvy and had 
δ15N values that ranged from 16.3‰ to 19.9‰, with a mean value of 17.8 ± 1.3‰. The 
remaining 31 individuals who did not present with skeletal indicators of scurvy had δ15N values 
that ranged from 15.5‰ to 21.8‰, with a mean value of 18.3 ± 1.4‰. There was no statistically 
significant difference between the mean scurvy and non-scurvy δ15N values for the overall third 
hair segment samples (p = 0.265) (Appendix F). The δ13C and δ15N values of the overall third 
hair segment scurvy and non-scurvy cohorts are shown in Figure 19. 
 The F&P cohort first, second, and third hair segments were represented by 35, seven, and 
three non-scurvy juveniles, respectively. The δ15N values for the first hair segment ranged from 
16.1‰ to 21.8‰, with a mean value of 18.6 ± 1.3‰. One outlier (burial 428) was present in this 
cohort with a more enriched δ15N value (Figure 61). The δ15N values for the second hair segment 
ranged from 16.4‰ to 18.9‰, with a mean value of 17.8 ± 1.0‰. The δ15N values for the third 
hair segment ranged from 17.7‰ to 19.2‰, with a mean value of 18.3 ± 0.8‰. The scatter plots 
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of all juveniles for the first, second, and third F&P hair segments can be found in Appendix H 
(Figure 94). The F&P cohort for each hair segment was also averaged in order to show trends in 
δ15N values for this cohort over the last three months of life, which shows a slight decrease of 
δ15N values between the third and second hair segment and then a slight increase in δ15N values 
from the second to the first hair segment (Figure 62). The difference between the third and 
second hair segment δ15N values is not statistically significant (p = 0.732). The difference 
between the second and first hair segment δ15N values is not statistically significant (p = 0.156). 
The difference between the third and first hair segment δ15N values is not statistically significant 
(p = 0.607). 
 
 
Figure 61: Box and whisker plot for δ15N indicating the outlier for the F&P overall (non-
scurvy)first hair segment non-scurvy cohort. 
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Figure 62: Averaged δ15N values for each hair segment of the F&P cohort showing trends in the 
last three months of life. 
 
 The neonatal cohort first, second, and third hair segments were represented by 41, 16, and 
five scurvy and/or non-scurvy juveniles, respectively. The δ15N values for the overall first hair 
segment ranted from 16.2‰ to 23.6‰, with a mean value of 19.7 ± 1.6‰. The δ15N values for 
the scurvy cohort (n = 7) ranged from 16.2‰ to 23.6‰, with a mean value of 19.7 ± 1.6‰. The 
δ15N values for the non-scurvy cohort (n = 34) ranged from 18.5‰ to 22.1‰, with a mean value 
of 20.1 ± 1.2‰. There was no statistically significant difference between the mean scurvy and 
non-scurvy δ15N values for the neonatal first hair segment samples (p = 0.499) (Appendix G). 
15
16
17
18
19
20
21
22
23
0 1 2 3 4
M
ea
n
 δ
1
5
N
A
IR
(‰
)
Hair Segment
F&P Non-
scurvy Cohort
144 
 
The scatter plot of all juveniles for the neonatal first hair segment can be found in Appendix H 
(Figure 95). 
 The δ15N values for the neonatal overall second hair segment ranged from 16.7‰ to 
23.4‰, with a mean value of 19.8 ± 1.7‰. The δ15N values for the scurvy cohort (n = 4) ranged 
from 18.5‰ to 22.0‰, with a mean value of 20.0 ± 1.5‰. The δ15N values for the non-scurvy 
cohort (n = 12) ranged from 16.7‰ to 23.4‰, with a mean value of 19.7 ± 1.9‰. There was no 
statistically significant difference between the mean scurvy and non-scurvy δ15N values for the 
neonatal second hair segment samples (p = 0.627) (Appendix G). The scatter plot of all juveniles 
for the neonatal second hair segment can be found in Appendix H (Figure 95) 
 The δ15N values for the overall (non-scurvy) third hair segment (n = 5) ranged from 
18.0‰ to 20.8‰, with a mean value of 19.0 ± 1.4‰. The scatter plot of all juveniles for the 
neonatal third hair segment can be found in Appendix H (Figure95). 
 The neonatal cohort for each hair segment was also averaged in order to show trends in 
δ15N values for this cohort over the last three months of life. The scurvy cohort shows a slight 
increase in δ15N values in the last two months of life, while the non-scurvy cohort shows an 
increase in δ15N values between the third and second months and a slight decrease from the 
second to the last month of life (Figure 63). The difference between the scurvy second and first 
hair segment was not statistically significant (p = 0.704). The difference between the non-scurvy 
third and second hair segment was not statistically significant (p = 0.398). The difference 
between the non-scurvy second and first hair segment was not statistically significant (p = 
0.960). The difference between the non-scurvy third and first hair segment was not statistically 
significant (p = 0.424). 
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Figure 63: Averaged δ15N values for each hair segment of the neonatal scurvy and non-scurvy 
cohorts showing trends in the last three months of life. 
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 The δ15N values for the overall second hair segment ranged from 15.3‰ to 21.9‰, with a 
mean value of 18.3 ±‰1.6. The δ15N values for the scurvy cohort (n = 5) ranged from 15.8‰ to 
19.7‰, with a mean value of 17.8 ± 1.7‰. The δ15N values for the non-scurvy cohort (n = 18) 
ranged from 15.3‰ to 21.9‰, with a mean value of 18.5 ± 1.6‰. There was no statistically 
significant difference between the mean scurvy and non-scurvy δ15N values for the C1 second 
hair segment samples (p = 0.502) (Appendix G). The scatter plot of all juveniles for the C1 
second hair segment can be found in Appendix H (Figure 96). 
 The δ15N values for the overall third hair segment ranged from 16.3‰ to 21.8‰, with a 
mean value of 18.8 ± 1.5‰. The δ15N values for the scurvy cohort (n = 3) ranged from 16.3‰ to 
19.9‰, with a mean value of 18.5 ± 1.9‰. The δ15N values for the non-scurvy cohort (n = 12) 
ranged from 16.6‰ to 21.8‰, with a mean value of 18.8 ± 1.4‰. There was no statistically 
significant difference between the mean scurvy and non-scurvy δ15N values for the C1 third hair 
segment samples (p = 0.772) (Appendix G). The scatter plot of all juveniles for the C1 third hair 
segment can be found in Appendix H (Figure 96). 
 The C1 cohort for each hair segment was also averaged in order to create a plot showing 
the trend in δ15N values for this cohort over the last three months of life. Both the scurvy and 
non-scurvy cohorts show a decrease in δ15N values between the third and second months and a 
slight increase in δ15N values between the second and the last month of life (Figure 64). The 
difference between the scurvy third and second hair segments was not statistically significant (p 
= 0.655). The difference between the scurvy second and first hair segments was not statistically 
significant (p = 0.871). The difference between the non-scurvy third and second hair segments 
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was not statistically significant (p = 0.498). The difference between the non-scurvy second and 
first hair segments was not significant (p = 0.430).  
 
 
Figure 64: Averaged δ15N values for each hair segment of the C1 scurvy and non-scurvy cohorts 
showing trends in the last three months of life. 
 
 The C2 cohort first, second, and third hair segments were represented by 15, ten, and 
eight scurvy and non-scurvy juveniles, respectively. The δ15N values for the overall first hair 
segment ranged from 15.3‰ to 20.5‰, with a mean value of 17.5 ± 1.3‰. One outlier (burial 
163) was present in this cohort with a more enriched δ15N value (Figure 65). The δ15N values for 
the scurvy cohort (n = 4) ranged from 16.6‰ to 18.7‰, with a mean value of 17.6 ± 1.0‰. The 
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δ15N values for the non-scurvy cohort (n = 11) ranged from 15.3‰ to 20.5‰, with a mean value 
of 17.4 ± 1.4‰. One outlier (burial 163) was present in this cohort with a more enriched δ15N 
value (Figure 66). There was no statistically significant difference between the mean scurvy and 
non-scurvy δ15N values for the C2 first hair segment samples (p = 0.557) (Appendix G). The 
scatter plot of all juveniles for the C2 first hair segment can be found in Appendix H (Figure 97). 
 
 
Figure 65: Box and whisker plot for δ15N indicating the outlier for the C2 overall first hair 
segment cohort. 
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Figure 66: Box and whisker plot for δ15N indicating the outlier for the C2 non-scurvy first hair 
segment cohort. 
 
 The δ15N values for the overall second hair segment ranged from 15.9‰ to 18.4‰, with a 
mean value of 17.1 ± 0.9‰. The δ15N values for the scurvy cohort (n = 3) ranged from 16.4‰ to 
18.4‰, with a mean value of 17.1 ± 1.1‰. The δ15N values for the non-scurvy cohort (n = 7) 
ranged from 15.9‰ to 18.2‰, with a mean value of 17.1 ± 0.8‰. There was no statistically 
significant difference between the mean scurvy and non-scurvy δ15N values for the C2 second 
hair segment samples (p = 0.909) (Appendix G). The scatter plot of all juveniles for the C2 
second hair segment can be found in Appendix H (Figure 97). 
 The δ15N values for the overall third hair segment ranged from 15.5‰ to 18.7‰, with a 
mean value of 17.0 ± 1.1‰. The δ15N values for the scurvy cohort (n = 3) ranged from 16.7‰ to 
18.1‰, with a mean value of 17.2 ± 0.8‰. The δ15N values for the non-scurvy cohort (n = 5) 
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ranged from 15.5‰ to 18.7‰, with a mean value of 16.8 ± 1.3‰. There was no statistically 
significant difference between the mean scurvy and non-scurvy δ15N values for the C2 third hair 
segment samples (p = 0.456) (Appendix G). The scatter plot of all juveniles for the C2 third hair 
segment can be found in Appendix H (Figure 97). 
 The C2 cohort for each hair segment was also averaged in order to create a plot showing 
the trend in δ15N values for this cohort over the last three months of life. The scurvy cohort 
shows a slight decrease between the third and second months and then an increase between the 
second and first months, while the non-scurvy cohort shows an increase over the last three 
months of life (Figure 67). The difference between the scurvy third and second hair segments 
was not statistically significant (p = 0.513). The difference between the scurvy second and first 
hair segments was not statistically significant (p = 0.289). The difference between the scurvy 
third and first hair segment is not statistically significant (p = 0.593). The difference between the 
non-scurvy third and first hair segments was not statistically significant (p = 0.684). 
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Figure 67: Averaged δ15N values for each hair segment of the C2 scurvy and non-scurvy cohorts 
showing trends in the last three months of life. 
 
 The C3 cohort first, second, and third hair segments were represented by 11, nine, and 
eight scurvy and non-scurvy juveniles, respectively. The δ15N values for the overall first hair 
segment ranged from 16.4‰ to 19.0‰, with a mean value of 17.6 ± 0.9‰. The δ15N values for 
the scurvy cohort (n = 3) ranged from 17.1‰ to 19.0‰, with a mean value of 17.9 ± 1.0‰. The 
δ15N values for the non-scurvy cohort (n = 8) ranged from 16.4‰ to 18.7‰, with a mean value 
of 17.5 ± 0.9‰. There was no statistically significant difference between the mean scurvy and 
non-scurvy δ15N values for the C3 first hair segment samples (p = 0.357) (Appendix G). The 
scatter plot of all juveniles for the C3 first hair segment can be found in Appendix H (Figure 98). 
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 The δ15N values for the overall second hair segment ranged from 16.6‰ to 18.8‰, with a 
mean value of 17.9 ± 0.8‰. The δ15N values for the scurvy cohort (n = 3) ranged from 17.0‰ to 
18.8‰, with a mean value of 17.7 ± 0.9‰. The δ15N values for the non-scurvy cohort (n = 6) 
ranged from 16.6‰ to 18.6‰, with a mean value of 18.0 ± 0.7‰. One outlier (burial 149) was 
present in this cohort with a less enriched δ15N value (Figure 68). There was no statistically 
significant difference between the mean scurvy and non-scurvy δ15N values for the C3 second 
hair segment samples (p = 0.796) (Appendix G). The scatter plot of all juveniles for the C3 
second hair segment can be found in Appendix H (Figure 98). 
 
 
Figure 68: Box and whisker plot for δ15N indicating the outlier for the C3 non-scurvy second hair 
segment cohort. 
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 The δ15N values for the overall third hair segment ranged from 16.8‰ to 19.0‰, with a 
mean value of 17.7 ± 0.6‰. One outlier (burial 239) was present in this cohort with a more 
enriched δ15N value (Figure 69). The δ15N values for the scurvy cohort (n = 2) ranged from 
17.4‰ to 17.6‰, with a mean value of 17.5 ± 0.1‰. The δ15N values for the non-scurvy cohort 
(n = 6) ranged from 16.8‰ to 19.0‰, with a mean value of 17.8 ± 0.7‰. One outlier (burial 
239) was present in this cohort with a more enriched δ15N value (Figure 70). There was no 
statistically significant difference between the mean scurvy and non-scurvy δ15N values for the 
C3 third hair segment samples (p = 0.402) (Appendix G). The scatter plot of all juveniles for the 
C3 third hair segment can be found in Appendix H (Figure 98). 
 
 
Figure 69: Box and whisker plot for δ15N indicating the outlier for the C3 overall third hair 
segment cohort. 
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Figure 70: Box and whisker plot for δ15N indicating the outlier for the C3 non-scurvy third hair 
segment cohort. 
 
 The C3 cohort for each hair segment was also averaged in order to create a plot showing 
the trend in δ15N values for this cohort over the last three months of life. The scurvy cohort 
shows a slight increase in δ15N values over the last three months of life, while the non-scurvy 
cohort δ15N values show a slight increase from the third to second months and a decrease from 
the second to the last month of life (Figure 71). The difference between the scurvy third and first 
hair segments was not statistically significant (p = 1.000). The difference between the non-
scurvy third and second hair segments was not statistically significant (p = 0.378). The difference 
between the non-scurvy second and first hair segments was not statistically significant (p = 
0.438). The difference between the non-scurvy third and first hair segments was not statistically 
significant (p = 0.401).  
155 
 
 
 
Figure 71: Averaged δ15N values for each hair segment of the C3 scurvy and non-scurvy cohorts 
showing trends in the last three months of life. 
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from the nails can be found in Table 36. The δ15N values for proximal nail segments can be 
found in Appendix E (Table 58). 
 
Table 36: Descriptive statistics for δ15N values for the proximal nail segment. Each category’s 
statistics are first presented as an overall representation, followed by those individuals who 
exhibited skeletal indicators of scurvy and those who did not. Entries of “-“ indicate not enough 
data available to calculate the statistic. 
    
N Mean Min Max 
Standard 
Deviation 
Entire 
Sample 
Overall 54 20.0 15.5 24.5 1.7 
Scurvy 10 19.7 17.8 21.9 1.5 
Non-scurvy 44 20.0 15.5 24.5 1.8 
Fetal        
& 
Perinatal 
Overall - - - - - 
Scurvy - - - - - 
Non-scurvy 4 19.3 17.2 21.2 1.6 
Neonatal 
Overall 18 21.0 18.8 22.3 1.1 
Scurvy 3 20.9 20.2 21.9 0.9 
Non-scurvy 15 21.0 18.8 22.3 1.1 
C1 
Overall 18 20.0 15.5 24.5 2.0 
Scurvy 4 20.1 18.1 21.1 1.4 
Non-scurvy 14 20.0 15.5 24.5 2.2 
C2 
Overall 10 18.5 17.7 20.9 0.9 
Scurvy 2 18.3 17.8 18.7 0.6 
Non-scurvy 8 18.6 17.7 20.9 1.0 
C3 
Overall 4 19.5 17.9 20.6 1.3 
Scurvy 1 17.9 - - - 
Non-scurvy 3 20.0 18.8 20.6 1.0 
 
 The δ15N values for the proximal nail segment of the entire sample (n = 54) ranged from 
15.5‰ to 24.5‰, with a mean value of 20.0 ± 1.7‰. The ten individuals who exhibited skeletal 
indicators of scurvy had δ15N values that ranged from 17.8‰ to 21.9‰, with a mean value of 
19.7 ± 1.5‰. The 44 individuals who did not exhibit skeletal indicators of scurvy had δ15N 
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values that ranged from 15.5‰ to 24.5‰, with a mean value of 20.0 ± 1.8‰. There was no 
statistically significant difference between the mean scurvy and non-scurvy δ15N values for the 
overall proximal nail segment samples (p = 0.518) (Appendix F). The scatter plot of δ13C and 
δ15N values for the overall proximal nail segment sample can be seen in Figure 42. 
 When the δ15N values for the proximal nail segment were plotted by age, the younger 
ages exhibited a greater range while the range decreased as age increased (Figure 72). The same 
trend as found in hair samples in regards to increasing and decreasing average δ15N values 
between age cohorts can be seen in the proximal nail segment cohorts (Table 37). 
 
 
Figure 72: Proximal nail segment average δ15N values plotted by mean age. 
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Table 37: Average δ15N values, in ‰, for the proximal nail segment for each age cohort. The 
arrow next to the δ15N values (except the F&P cohort) in each sample column indicates either a 
decrease (  ) or increase (  ) in average δ15N value from the cohort above. 
 Proximal Nail 
Segment (‰) 
F&P 19.3 
Neonatal 21.0 
C1 20.0 
C2 18.5 
C3 19.4 
 
 The F&P cohort represented by the proximal nail segment consisted of four individuals, 
none of which exhibited skeletal indicators of scurvy. The δ15N for F&P cohort ranged from 
17.2‰ to 21.2‰, with a mean value of 19.3 ± 1.6‰. The scatter plot of δ13C and δ15N values for 
the F&P proximal nail segment cohort can be seen in Figure 44. The neonatal cohort represented 
by the proximal nail segment consisted of 18 individuals, three who exhibited skeletal indicators 
of scurvy and 15 who did not. The δ15N for the neonatal cohort ranged from 18.8‰ to 22.3‰, 
with a mean value of 21.0 ± 1.1‰. The δ15N values for those neonatal cohort individuals who 
exhibited skeletal indicators of scurvy ranged from 20.2‰ to 21.9‰, with a mean value of 20.9 
± 0.9‰. The δ15N values for those neonatal cohort individuals who did not exhibit skeletal 
indicators of scurvy ranged from 18.8‰ to 22.3‰, with a mean value of 21.0 ± 1.1‰. There was 
no statistically significant difference between the mean scurvy and non-scurvy δ15N values for 
the neonatal proximal nail segment samples (p = 0.812) (Appendix G). The scatter plot of δ13C 
and δ15N values for the neonatal proximal nail segment cohort can be seen in Figure 45. 
 The C1 cohort represented by the proximal nail segment consisted of 18 individuals, four 
who exhibited skeletal indicators of scurvy and 14 who did not. The δ15N values for the entire C1 
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cohort ranged from 15.5‰ to 24.5‰, with a mean value of 20.0 ± 2.0‰. The δ15N values for 
those C1 cohort individuals who exhibited skeletal indicators of scurvy ranged from 18.1‰ to 
21.1‰, with a mean value of 20.1 ± 1.4‰. The δ15N values for those C1 cohort individuals who 
did not exhibit skeletal indicators of scurvy ranged from 15.5‰ to 24.5‰, with a mean value of 
20.0 ± 2.2‰. There was no statistically significant difference between the mean scurvy and non-
scurvy δ15N values for the C1 proximal nail segment samples (p = 0.958) (Appendix G). The 
scatter plot of δ13C and δ15N values for the C1 proximal nail segment cohort can be seen in 
Figure 46. 
 The C2 cohort represented by the proximal nail segment consisted of ten individuals, two 
who exhibited skeletal indicators of scurvy and eight who did not. The δ15N values for the entire 
C2 cohort ranged from 17.7‰ to 20.9‰, with a mean value of 18.5 ± 0.9‰. The δ15N values for 
those C2 cohort individuals who exhibited skeletal indicators of scurvy ranged from 17.8‰ to 
18.7‰, with a mean value of 18.3 ± 0.6‰. The δ15N values for those C2 cohort individuals who 
did not exhibit skeletal indicators of scurvy ranged from 17.7‰ to 20.9‰, with a mean value of 
18.6 ± 1.0‰. There was no statistically significant difference between the mean scurvy and non-
scurvy δ15N values for the C2 proximal nail segment samples (p = 0.793) (Appendix G). The 
scatter plot of δ13C and δ15N values for the C2 proximal nail segment cohort can be seen in 
Figure 47.  
 The C3 cohort represented by the proximal nail segment consisted of four individuals, 
one who exhibited skeletal indicators of scurvy and three who did not. The δ15N values for the 
entire C3 cohort ranged from 17.9‰ to 20.6‰, with a mean value of 19.5 ± 1.3‰. The δ15N 
value for the C3 cohort individual who exhibited skeletal indicators of scurvy was 17.9‰. The 
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δ15N values for those C3 cohort individuals who did exhibit with skeletal indicators of scurvy 
ranged from 18.8‰ to 20.6‰, with a mean value of 20.0 ± 1.0‰. There was no statistically 
significant difference between the mean scurvy and non-scurvy δ15N values for the C3 proximal 
nail segment samples (p = 0.180) (Appendix G). The scatter plot of δ13C and δ15N values for the 
C3 proximal nail segment cohort can be seen in Figure 48. 
Skin 
 A total of 78 skin samples, each representing one individual, were analyzed for δ15N 
values. All descriptive statistics for δ15N values from skin can be found in Table 38. The δ15N 
values of skin for applicable individuals can be found in Appendix E (Table 59).  
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Table 38: Descriptive statistics for δ15N values for skin. Each category’s statistics are first 
presented as an overall representation, followed by those individuals who exhibited skeletal 
indicators of scurvy and those who did not. Entries of “-“ indicate not enough data available to 
calculate the statistic. 
    
N Mean Min Max 
Standard 
Deviation 
Entire 
Sample 
Overall 78 21.1 17.8 24.7 1.3 
Scurvy 19 21.1 18.7 22.5 1.1 
Non-scurvy 59 21.1 17.8 24.7 1.4 
F&P 
Overall 9 19.7 17.8 20.9 1.0 
Scurvy 1 18.7 - - - 
Non-scurvy 8 19.9 17.8 20.9 1.0 
Neo 
Overall 28 21.2 19.1 24.7 1.2 
Scurvy 5 21.5 20.4 22.5 0.8 
Non-scurvy 23 21.2 19.1 24.7 1.3 
C1 
Overall 22 21.4 18.2 23.4 1.2 
Scurvy 6 21.6 20.2 22.5 0.9 
Non-scurvy 16 21.4 18.2 23.4 1.4 
C2 
Overall 11 21.5 18.8 23.5 1.2 
Scurvy 4 20.4 18.8 21.2 1.1 
Non-scurvy 7 22.1 20.8 23.5 0.9 
C3 
Overall 8 21.0 19.5 23.9 1.3 
Scurvy 3 21.1 20.7 21.5 0.4 
Non-scurvy 5 21.0 19.5 23.9 1.7 
 
The δ15N values for skin of the overall sample ranged from 17.8‰ to 24.7‰, with a 
mean value of 21.1 ± 1.3‰. Of the 78 individuals whose skin was analyzed, a total of 19 
individuals exhibited skeletal indicators of scurvy. The δ15N values for this cohort ranged from 
18.7‰ to 22.5‰, with a mean value of 21.1 ± 1.1‰. The remaining 59 individuals did not 
exhibit skeletal indicators of scurvy. The δ15N values for this second cohort ranged from 17.8‰ 
to 24.7‰, with a mean value of 21.1 ± 1.4‰. There was no statistically significant difference 
between the mean scurvy and non-scurvy δ15N values for the overall skin samples (p = 0.907) 
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(Appendix F). The scatter plot of δ13C and δ15N values for the overall skin sample can be seen in 
Figure 49.  
 When the δ15N values for skin were plotted by age, there was again less adherence to any 
trend seen (Figure 73). While the range of δ15N values decreases as age increases, the individual 
δ15N values are much more widely dispersed from both their respective scurvy and non-scurvy 
linear trend lines and the adult female average. 
 
 
Figure 73: Skin δ15N values plotted by mean age. 
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and eight who did not. The δ15N values for F&P cohort ranged from 17.8‰ to 20.9‰, with a 
mean value of 19.7 ± 1.0‰. The δ15N value for the F&P cohort individual who exhibited skeletal 
indicators of scurvy was 18.7‰. The δ15N values for those F&P cohort individuals who did not 
exhibit skeletal indicators of scurvy ranged from 17.8‰ to 20.9‰, with a mean value of 19.9 ± 
1.0‰. There was no statistically significant difference between the mean scurvy and non-scurvy 
δ15N values for the F&P skin samples (p = 0.245) (Appendix G). The scatter plot of δ13C and 
δ15N values for the F&P skin cohort can be seen in Figure 51. The neonatal cohort represented 
by skin consisted of 28 individuals, five who exhibited skeletal indicators of scurvy and 23 who 
did not. The δ15N for the entire neonatal cohort ranged from 19.1‰ to 24.7‰, with a mean value 
of 21.2 ± 1.2‰. The δ15N values for those neonatal cohort individuals who exhibited skeletal 
indicators of scurvy ranged from 20.4‰ to 22.5‰, with a mean value of 21.5 ± 0.8‰. The δ15N 
values for those neonatal cohort individuals who did not exhibit skeletal indicators of scurvy 
ranged from 19.1‰ to 24.7‰, with a mean value of 21.2 ± 1.3‰. There was no statistically 
significant difference between the mean scurvy and non-scurvy δ15N values for the neonatal skin 
samples (p = 0.471) (Appendix G). The scatter plot of δ13C and δ15N values for the neonatal skin 
cohort can be seen in Figure 52.  
 The C1 cohort represented by skin consisted of 22 individuals, six who exhibited skeletal 
indicators of scurvy and 16 who did not. The δ15N values for the entire C1 cohort ranged from 
18.2‰ to 23.4‰, with a mean value of 21.4 ± 1.2‰. The δ15N values for those C1 cohort 
individuals who exhibited skeletal indicators of scurvy ranged from 20.2‰ to 22.5‰, with a 
mean value of 21.6 ± 0.9‰. The δ15N values for those C1 cohort individuals who did not exhibit 
skeletal indicators of scurvy ranged from 18.2‰ to 23.4‰, with a mean value of 21.4 ± 1.4‰. 
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There was no statistically significant difference between the mean scurvy and non-scurvy δ15N 
values for the C1 skin samples (p = 0.854) (Appendix G). The scatter plot of δ13C and δ15N 
values for the C1 skin cohort can be seen in Figure 53. 
 The C2 cohort represented by skin consisted of 11 individuals, four who exhibited 
skeletal indicators of scurvy and seven who did not. The δ15N values for the entire C2 cohort 
ranged from 18.8‰ to 23.5‰, with a mean value of 21.5 ± 1.2‰. The δ15N values for those C2 
cohort individuals who exhibited skeletal indicators of scurvy ranged from 18.8‰ to 21.2‰, 
with a mean value of 20.4 ± 1.1‰. The δ15N values for those C2 cohort individuals who did not 
exhibit skeletal indicators of scurvy ranged from 20.8‰ to 23.5‰, with a mean value of 22.1 ± 
0.9‰. There was a statistically significant difference between the mean scurvy and non-scurvy 
δ15N values for the C2 skin samples (p = 0.018) (Appendix G). The scatter plot of δ13C and δ15N 
values for the C2 skin cohort can be seen in Figure 54. 
 The C3 cohort represented by skin consisted of eight individuals, three who exhibited 
skeletal indicators of scurvy and five who did not. The δ15N values for the entire C3 cohort 
ranged from 19.5‰ to 23.9‰, with a mean value of 21.0 ± 1.3‰. The δ15N values for those C3 
cohort individuals who exhibited skeletal indicators of scurvy ranged from 20.7‰ to 21.5‰, 
with a mean value of 21.1 ± 0.4‰. The δ15N values for those C3 cohort individuals who did not 
exhibit skeletal indicators of scurvy ranged from 19.5‰ to 23.9‰, with a mean value of 21.0 ± 
1.7‰.  There was no statistically significant difference between the mean scurvy and non-
scurvy δ15N values for the C3 skin samples (p = 0.297) (Appendix G). The scatter plot of δ13C 
and δ15N values for the C3 skin cohort can be seen in Figure 55. 
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Intra-tissue δ15N Differences between Scurvy and Non-Scurvy Cohorts  
 The differences between mean δ15N values of the scurvy and non-scurvy subsamples 
within each tissue and age cohort were compared for significant differences. The differences can 
be found in Tables 39-44 .The difference in mean δ15N values between the overall bone collagen 
scurvy and non-scurvy samples was -0.4‰. The difference in mean δ15N values between the 
F&P bone collagen scurvy and non-scurvy samples was -0.2‰. The difference in mean δ15N 
values between the neonatal bone collagen scurvy and non-scurvy samples was -1.4‰. The 
difference in mean δ15N values between the C1 bone collagen scurvy and non-scurvy samples 
was -0.3‰. The difference in mean δ15N values between the C2 bone collagen scurvy and non-
scurvy samples was 0.7‰. The difference in mean δ15N values between the C3 bone collage 
scurvy and non-scurvy samples was 0.8‰. 
 
Table 39: Differences between mean δ15N values of the scurvy and non-scurvy bone collagen 
samples, both as an overall sample and within each age cohort. 
 Scurvy Samples Non-Scurvy Samples Δ Scurvy - Non-Scurvy 
Age 
Cohort 
Number of 
Individuals 
Mean δ15N 
(‰) 
Number of 
Individuals 
Mean δ15N 
(‰) 
Mean δ15N (‰) 
Overall 11 18.7 13 19.1 -0.4 
F&P 1 19.0 1 19.2 -0.2 
Neonatal 2 20.4 2 21.8 -1.4 
C1 3 19.0 7 19.3 -0.3 
C2 3 17.7 2 17.0 0.7 
C3 2 18.0 1 17.2 0.8 
 
 The difference in mean δ15N values between the overall first hair segment scurvy and 
non-scurvy samples was -0.1‰. The difference in mean δ15N values between the neonatal first 
hair segment scurvy and non-scurvy samples was 0.4‰. The difference in mean δ15N values 
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between the C1 first hair segment scurvy and non-scurvy samples was -0.6‰. The difference in 
mean δ15N values between the C2 first hair segment scurvy and non-scurvy samples was 0.1‰. 
The difference in mean δ15N values between the C3 first hair segment scurvy and non-scurvy 
samples was 0.4‰. 
 
Table 40 Differences between mean δ15N values of the scurvy and non-scurvy first hair segment 
samples, both as an overall sample and within each age cohort. 
 Scurvy Samples Non-Scurvy Samples Δ Scurvy - Non-Scurvy 
Age 
Cohort 
Number of 
Individuals 
Mean δ15N 
(‰) 
Number of 
Individuals 
Mean δ15N 
(‰) 
Mean δ15N (‰) 
Overall 21 18.6 111 18.7 -0.1 
F&P - - 38 18.6 - 
Neonatal 7 20.1 31 19.7 0.4 
C1 7 18.0 24 18.6 -0.6 
C2 4 17.6 10 17.5 0.1 
C3 3 17.9 8 17.5 0.4 
 
 The difference in mean δ15N values between the overall second hair segment scurvy and 
non-scurvy samples was -0.2‰. The difference in mean δ15N values between the neonatal 
second hair segment scurvy and non-scurvy samples was 0.1‰. The difference in mean δ15N 
values between the C1 second hair segment scurvy and non-scurvy samples was -0.6‰. The 
difference in mean δ15N values between the C2 second hair segment scurvy and non-scurvy 
samples was 0.7‰. The difference in mean δ15N values between the C3 second hair segment 
scurvy and non-scurvy samples was 0.8‰. 
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Table 41: Differences between mean δ15N values of the scurvy and non-scurvy second hair 
segment samples, both as an overall sample and within each age cohort. 
 Scurvy Samples Non-Scurvy Samples Δ Scurvy - Non-Scurvy 
Age 
Cohort 
Number of 
Individuals 
Mean δ15N 
(‰) 
Number of 
Individuals 
Mean δ15N 
(‰) 
Mean δ15N (‰) 
Overall 15 18.2 50 18.4 -0.2 
F&P - - 9 18.1 - 
Neonatal 4 20.0 10 19.9 0.1 
C1 5 17.8 19 18.4 -0.6 
C2 3 17.1 6 17.1 0 
C3 3 17.7 6 18.0 -0.3 
 
The difference in mean δ15N values between the overall third hair segment scurvy and 
non-scurvy samples was -0.5‰. Since the neonatal cohort did not include any individuals 
exhibiting signs of scurvy with a third hair segment, a difference could not be calculated. The 
difference in mean δ15N values between the C1 third hair segment scurvy and non-scurvy 
samples was -0.1‰. The difference in mean δ15N values between the C2 third hair segment 
scurvy and non-scurvy samples was 0.2‰. The difference in mean δ15N values between the C3 
third hair segment scurvy and non-scurvy samples was -0.3‰. 
 
Table 42: Differences between mean δ15N values of the scurvy and non-scurvy third hair 
segment samples, both as an overall sample and within each age cohort. 
 Scurvy Samples Non-Scurvy Samples Δ Scurvy - Non-Scurvy 
Age 
Cohort 
Number of 
Individuals 
Mean δ15N 
(‰) 
Number of 
Individuals 
Mean δ15N 
(‰) 
Mean δ15N (‰) 
Overall 8 17.8 31 18.3 -0.5 
F&P - - 5 18.6 - 
Neonatal - - 3 19.0 - 
C1 3 18.5 13 18.6 -0.1 
C2 3 17.2 4 17.0 0.2 
C3 2 17.5 6 17.8 -0.3 
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 The difference in mean δ15N values between the overall proximal nail segment scurvy 
and non-scurvy samples was -0.3‰. The difference in mean δ15N values between the neonatal 
proximal nail segment scurvy and non-scurvy samples was -0.1‰. The difference in mean δ15N 
values between the C1 proximal nail segment scurvy and non-scurvy samples was 0.2‰. The 
difference in mean δ15N values between the C2 proximal nail segment scurvy and non-scurvy 
samples was -0.3‰. The difference in mean δ15N values between the C3 proximal nail segment 
scurvy and non-scurvy samples was -2.1‰. 
 
Table 43: Differences between mean δ15N values of the scurvy and non-scurvy proximal nail 
segment samples, both as an overall sample and within each age cohort. 
 Scurvy Samples Non-Scurvy Samples Δ Scurvy - Non-Scurvy 
Age 
Cohort 
Number of 
Individuals 
Mean δ15N 
(‰) 
Number of 
Individuals 
Mean δ15N 
(‰) 
Mean δ15N (‰) 
Overall 10 19.7 44 20.0 -0.3 
F&P - - 4 19.3 - 
Neonatal 3 20.9 15 21.0 -0.1 
C1 4 20.1 15 19.9 0.2 
C2 2 18.3 7 18.6 -0.3 
C3 1 17.9 3 20.0 -2.1 
 
 The difference in mean δ15N values between the overall skin scurvy and non-scurvy 
samples was 0.0‰. The difference in mean δ15N values between the F&P skin scurvy and non-
scurvy samples was -1.2‰. The difference in mean δ15N values between the neonatal skin 
scurvy and non-scurvy samples was 0.3‰. The difference in mean δ15N values between the C1 
skin scurvy and non-scurvy samples was 0.2‰. The difference in mean δ15N values between the 
C2 skin scurvy and non-scurvy samples was -1.7‰. The difference in mean δ15N values between 
the C3 skin scurvy and non-scurvy samples was 0.1‰. 
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Table 44: Differences between mean δ15N values of the scurvy and non-scurvy skin samples, 
both as an overall sample and within each age cohort. 
 Scurvy Samples Non-Scurvy Samples Δ Scurvy - Non-Scurvy 
Age 
Cohort 
Number of 
Individuals 
Mean δ15N 
(‰) 
Number of 
Individuals 
Mean δ15N 
(‰) 
Mean δ15N (‰) 
Overall 19 21.1 59 21.1 0 
F&P 1 18.7 8 19.9 -1.2 
Neonatal 5 21.5 23 21.2 0.3 
C1 6 21.6 16 21.4 0.2 
C2 4 20.4 7 22.1 -1.7 
C3 3 21.1 5 21.0 0.1 
 
Intra-tissue Stable Carbon and Nitrogen Isotope Values 
Bone 
The overall bone collagen cohorts exhibited a greater range in δ15N values (5.8‰) than in 
δ13C values (1.9‰), with the same trend being exhibited in both the scurvy and non-scurvy 
cohorts (3.6‰ vs. 1.3‰ and 5.8‰ vs. 1.7‰, respectively) (Table 45). Both the overall scurvy 
and non-scurvy cohorts cluster loosely around a linear trend line (r2=0.526 and 0.188, 
respectively) (Figure 45). As δ13C values increase, or become less negative, δ15N values also 
tend to increase. 
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Table 45: Range of δ13C and δ15N values for bone collagen, with the overall, scurvy, and non-
scurvy ranges. The highest range value for each grouping has been bolded and italicized. 
   Bone Collagen 
    
δ¹³C 
(‰) 
δ¹⁵N 
(‰) 
Entire 
Sample 
Overall 1.9 5.8 
Scurvy 1.3 3.6 
Non 1.7 5.8 
F&P 
Overall 0.9 0.2 
Scurvy -   
Non -   
Neo 
Overall 0.6 2.4 
Scurvy 0.3 1.1 
Non 0.3 0.9 
C1 
Overall 1.7 4.2 
Scurvy 1.1 2.9 
Non 1.5 4.2 
C2 
Overall 0.4 1.7 
Scurvy 0.4 0.8 
Non 0.2 1.2 
C3 
Overall 0.4 0.9 
Scurvy 0.3 0.2 
Non -   
“-“ indicates not enough data 
available to calculate the δ13C and 
δ15N values ranges 
 
 The F&P cohort for bone collagen contained only two individuals, one each from the 
scurvy and non-scurvy cohort. The overall F&P cohort exhibited a greater range in δ13C values 
than in δ15N values (0.9‰ and 0.2‰, respectively). With the limited data available for this age 
cohort, no trend line or other data regarding trends could be determined. The neonatal cohort for 
bone collagen contained only four individuals, two with scurvy and two without scurvy. This 
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cohort overall, as well as both the scurvy and non-scurvy cohorts, exhibited a greater range in 
δ15N values than in δ13C values (2.4‰ vs. 0.6‰, 1.1‰ vs. 0.3‰, and 0.9‰ vs. 0.3‰, 
respectively). Again, the limited data available for this cohort did not allow for trend line 
determinations. The overall C1 cohort, as well as the scurvy and non-scurvy cohorts, exhibited a 
greater range in δ15N values than in δ13C values (4.2‰ vs. 1.7‰, 2.9‰ vs. 1.1‰, and 4.2‰ vs. 
1.5‰, respectively). Due to the small sample size (n=3) of the scurvy cohort, the trend line 
provides little useful information. The non-scurvy cohort, with a slightly larger sample size 
(n=7), loosely clusters around a trend line (r2=0.135). As with the overall cohorts, as δ13C values 
increase δ15N values also tend to increase (Figure 14). The overall C2 cohort and both scurvy and 
non-scurvy cohorts exhibited a greater range in δ15N values than in δ13C values (1.7‰ vs. 0.4‰, 
0.8‰ vs. 0.4‰, and 1.2‰ vs. 0.2‰, respectively). Small sample sizes for both the scurvy and 
non-scurvy cohorts (n=3 and 2, respectively) render the trend lines of minimal use (Figure 15). 
The overall C3 cohort contained three individuals, two with scurvy and one without scurvy. This 
cohort overall exhibited a greater range in δ15N values than in δ13C values (0.9‰ vs. 0.4‰), 
while the scurvy cohort exhibited the opposite (0.3‰ vs. 0.2‰). With the limited data available 
for this age cohort, no trend line or other data regarding trends could be determined.  
Hair 
 All hair overall cohorts (first, second, and third hair segments) exhibited a greater range 
in δ15N values than δ13C values (Table 46). For all hair overall cohorts, the scurvy and non-
scurvy cohorts loosely clustered around trend lines and as δ13C values increased δ15N tended to 
also increase (Figures 17 – 19). 
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Table 46: Range of δ13C and δ15N values for all hair sample groups (first, second, and third hair 
segments) with the overall, scurvy, and non-scurvy. The highest range value for each grouping 
has been bolded and italicized. 
 
  1st Hair 
Segment 
2nd Hair 
Segment 
3rd Hair 
Segment 
    δ¹³C 
(‰) 
δ¹⁵N 
(‰) 
δ¹³C 
(‰) 
δ¹⁵N 
(‰) 
δ¹³C 
(‰) 
δ¹⁵N 
(‰) 
Entire 
Sample 
Overall 5.0 8.5 2.4 8.1 3.3 6.3 
Scurvy 2.8 6.9 2.3 6.2 2.5 3.6 
Non-scurvy 5.0 8.5 2.4 8.1 2.5 6.3 
F&P 
Overall - - - - - - 
Scurvy - - - - - - 
Non-scurvy 2.8 5.7 1.5 2.5 1.1 1.5 
Neo 
Overall 4.7 7.4 1.3 6.7 - - 
Scurvy 1.1 3.6 1.0 3.5 - - 
Non-scurvy 4.7 7.4 1.0 6.7 1.7 2.8 
C1 
Overall 3.5 6.8 2.4 6.6 3.3 5.5 
Scurvy 0.9 5.6 1.6 3.9 2.5 3.6 
Non-scurvy 3.5 6.8 2.3 6.6 2.5 5.2 
C2 
Overall 1.0 5.2 1.3 2.5 1.4 3.2 
Scurvy 0.6 2.1 0.7 2.0 0.8 1.4 
Non-scurvy 1.0 5.2 1.3 2.3 1.2 3.2 
C3 
Overall 1.9 2.6 1.1 2.2 1.0 2.2 
Scurvy 1.6 1.9 1.1 1.8 0.8 0.2 
Non-scurvy 0.9 2.3 0.9 2.0 0.9 2.2 
 
 The F&P cohort contained only non-scurvy individuals for hair. All hair cohorts (first, 
second, and third hair segments) from the F&P cohort exhibited a greater range in δ15N values 
than δ13C (Table 46). As δ13C values increase within the first hair segment δ15N tends to 
decrease, however, in the second hair segment the opposite is exhibited (Figure 94). The third 
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hair segment contained only three individuals, therefore, no useful data regarding trends could be 
determined.   
 All hair cohorts (first, second, and third hair segments) from the neonatal cohort 
exhibited a greater range in δ15N values than δ13C (Table 46). As δ13C values increase within the 
first and second hair segments for scurvy individuals, δ15N tends to decrease, while the opposite 
is exhibited in the non-scurvy individuals. The third hair segment contained only non-scurvy 
individuals and exhibited increasing δ15N values as δ13C values increased (Figure 95). 
 All hair cohorts (first, second, and third hair segments; scurvy and non-scurvy) from the 
C1 cohort exhibited a greater range in δ15N values than δ13C (Table 46). As δ13C values 
increased for all groupings δ15N tended to also increase. The scurvy cohort for the third hair 
segment contained only three individuals, therefore, no useful data regarding trends could be 
determined.  
 All hair cohorts (first, second, and third hair segments; scurvy and non-scurvy) from the 
C2 cohort exhibited a greater range in δ15N values than δ13C values (Table 46). As δ13C values 
increased δ15N values tended to also increase for all scurvy cohorts as well as the non-scurvy 
cohort for the third hair segment, while the opposite was exhibited for the non-scurvy cohorts for 
the first and second hair segments (Figure 97). The scurvy cohort for the second and third hair 
segments contained only three individuals each, therefore, no useful data regarding trends could 
be determined. 
All hair cohorts (first, second, and third hair segments; scurvy and non-scurvy) from the 
C3 cohort exhibited a greater range in δ15N values than δ13C values, except the scurvy cohort for 
the third hair segment which exhibited the opposite (Table 98). As δ13C values increased δ15N 
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values tended to also increase for all non-scurvy cohorts. The scurvy cohort for this group 
contained only three individuals in each hair sample, therefore, no useful data regarding trends 
could be determined. 
Nail 
 All proximal nail segment overall cohorts exhibited a greater range in δ15N values than 
δ13C (Table 47). For proximal nail segment cohorts, the scurvy and non-scurvy cohorts loosely 
clustered around trend lines and as δ13C values increased δ15N tended to also increase (Figures 
42). 
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Table 47: Range of δ13C and δ15N values for all proximal nail segment cohorts, with the overall, 
scurvy, and non-scurvy ranges for all age cohorts, as well as the overall sample. The highest 
range value for each grouping has been bolded and italicized. 
   
Proximal Nail 
Segment 
    
δ¹³C 
(‰) 
δ¹⁵N 
(‰) 
Entire 
Sample 
Overall 4.4 9.0 
Scurvy 2.6 4.1 
Non-
scurvy 
4.1 9.00 
F&P 
Overall - - 
Scurvy - - 
Non-
scurvy 
1.8 4.0 
Neo 
Overall 2.3 3.5 
Scurvy 1.4 1.7 
Non-
scurvy 
2.0 3.5 
C1 
Overall 3.5 9.0 
Scurvy 0.4 3.0 
Non-
scurvy 
3.5 9.0 
C2 
Overall 2.1 3.2 
Scurvy 0.8 0.9 
Non-
scurvy 
2.0 3.2 
C3 
Overall 0.6 2.7 
Scurvy - - 
Non-
scurvy 
0.6 1.8 
 
 The F&P cohort contained only non-scurvy individuals for nail. The non-scurvy proximal 
nail segments from the F&P cohort exhibited a greater range in δ15N values than δ13C (Table 47). 
The proximal nail segment δ13C values clustered closely around a trend line (Figure 44). As δ13C 
values increased within the proximal nail segment δ15N tended to also increase. 
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 All nail cohorts from the neonatal cohort exhibited a greater range in δ15N values than 
δ13C (Table 47). The non-scurvy individuals clustered loosely around a trend line (Figure 45). As 
δ13C values increased for the non-scurvy cohort, δ15N values tended to decrease. The scurvy 
cohort for the neonatal proximal nail segment contained only three individuals, therefore, no 
useful data regarding trends could be determined. 
 All nail cohorts from the C1 cohort exhibited a greater range in δ15N values than δ13C 
(Table 47). The scurvy and non-scurvy individuals closely clustered around their respective trend 
lines (Figure 46). As δ13C values increased for scurvy proximal nail segment, δ15N tended to also 
increase. As the δ13C values increased for non-scurvy proximal nail segment, δ15N tended to 
decrease. 
 All nail cohorts from the C2 cohort exhibited a greater range in δ15N values than δ13C 
values (Table 47). The non-scurvy individuals clustered closely around their trend line for the 
(Figure 647). As δ13C values increased for the non-scurvy cohort, δ15N values tended to also 
increase. The scurvy cohort for the proximal nail segment contained only two individuals, 
therefore, no useful data regarding trends could be determined. 
 The C3 non-scurvy proximal nail segment cohort exhibited a greater range in δ15N values 
than δ13C values (Table 47). Both the scurvy and non-scurvy cohorts contained only one and 
three individuals, respectively, therefore, no useful data regarding trends could be determined. 
Skin  
The overall skin samples (including the scurvy and non-scurvy cohorts) exhibited a 
greater range in δ15N values than δ13C values (Table 48). The scurvy and non-scurvy overall 
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cohorts loosely clustered around trend lines, with the scurvy individuals clustered more closely 
(Figure 49). For the scurvy cohort, as δ13C values increased δ15N values also tended to increase, 
however, for the non-scurvy cohort the opposite was exhibited. 
 
Table 48: Range of δ13C and δ15N values for all skin groups, with the overall, scurvy, and non-
scurvy ranges for all age cohorts, as well as the overall sample. The highest range value for each 
grouping has been bolded and italicized. 
    δ¹³C (‰) δ¹⁵N (‰) 
Entire 
Sample 
Overall 4.2 6.9 
Scurvy 3.5 3.8 
Non-scurvy 4.2 6.9 
F&P 
Overall 2.2 3.1 
Scurvy - - 
Non-scurvy 1.8 3.1 
Neo 
Overall 4.0 5.6 
Scurvy 2.2 2.1 
Non-scurvy 3.6 5.6 
C1 
Overall 3.1 5.2 
Scurvy 2.6 2.3 
Non-scurvy 2.3 5.2 
C2 
Overall 3.6 4.7 
Scurvy 2.6 2.4 
Non-scurvy 3.6 2.7 
C3 
Overall 3.5 4.4 
Scurvy 1.0 0.8 
Non-scurvy 3.5 4.4 
“-“ indicates not enough data available to calculate 
the range of δ13C and δ15N values. 
 
 
The F&P cohort exhibited a greater range in δ15N values than δ13C values (Table 48). The 
non-scurvy cohort clustered loosely around a trend line with increasing δ13C values exhibiting 
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increasing δ15N values also (Figure 51). The scurvy cohort contained only one individual, 
therefore, no trend line or other data regarding trends could be determined. The overall and non-
scurvy neonatal cohorts exhibited a greater range in δ15N values than δ13C values, while the 
scurvy cohort exhibited the opposite (Table 48). The scurvy and non-scurvy cohorts loosely 
clustered around their respective trend lines (Figure 52). For the scurvy cohort as δ13C values 
increased δ15N values also increased, while the non-scurvy cohort exhibited the opposite. The 
overall and non-scurvy C1 cohorts exhibited a greater range in δ15N values than δ13C values, 
while the scurvy cohort exhibited the opposite (Table 48). The scurvy and non-scurvy cohorts 
loosely clustered around their respective trend line and as δ13C values for both cohorts increased 
δ15N values also increased (Figure 53). The overall sample for the C2 cohort exhibited a greater 
range in δ15N values than δ13C values, while the scurvy and non-scurvy cohorts exhibited the 
opposite (Table 48). The scurvy and non-scurvy cohorts clustered closely around their respective 
trend lines (Figure 54). For the scurvy cohort, as δ13C values increased δ15N values also 
increased, while the non-scurvy cohort exhibited the opposite. The overall and non-scurvy C3 
cohorts exhibited a greater range in δ15N values than δ13C values, while the scurvy cohort 
exhibited the opposite (Table 48). The non-scurvy cohort clustered loosely around a trend line 
and as δ13C values increased δ15N values tended to decrease (Figure 55). The scurvy cohort 
contained only three individuals, therefore, no trend line or other data regarding trends could be 
determined. 
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Inter-tissue Spacing 
 Inter-tissue comparisons via Mann-Whitney U t-tests were conducted for both δ13C and 
δ15N values in order to determine if statically significant differences were present between the 
tissues. Overall bone collagen δ13C and δ15N values were compared to the overall first hair 
segment, proximal nail segment, and skin δ13C and δ15N values. The overall first hair segment 
δ13C and δ15N values were likewise compared to the overall proximal nail segment and skin δ13C 
and δ15N values. Finally, the proximal nail segment and skin δ13C and δ15N values were 
compared. This same pattern of comparison was then applied to the overall scurvy and non-
scurvy cohorts for the tissues. These comparisons were not conducted among the different age 
cohorts because of the small sample sizes available in some of the cohorts. Additionally, the 
inter-tissue spacing results for each comparison was calculated. Inter-tissue spacing was also 
calculated for each age cohort between mean bone collagen and mean first hair segment δ13C and 
δ15N values. 
Overall Carbon Comparisons 
 When the overall bone collagen δ13C values were compared with all other overall tissue 
δ13C values separately, all of the Mann-Whitney U t-tests resulted in a p-value of < 0.001, 
indicating statistically significant differences between overall bone collagen δ13C values and all 
other overall tissue δ13C values. When the overall first hair segment δ13C values were compared 
with the proximal nail segment and skin δ13C values, each result was statistically significant, (p = 
0.002 and p < 0.001, respectively). The comparison of the overall proximal nail segment and 
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skin δ13C values did not yield statistically significant results, with a p-values of 0.300. The p-
values for the overall δ13C value inter-tissue comparisons can be found in Table 49. 
 
Table 49: Results of the Mann-Whitney U t-tests of each overall tissue group with all other 
overall tissue groups for δ13C values. Statistically significant results are bolded and italicized. 
  
Bone 
Collagen 
1st Hair 
Segment 
Proximal 
Nail 
Segment 
1st Hair 
Segment 
<0.001     
Proximal 
Nail 
Segment 
<0.001 0.002   
Skin <0.001 <0.001 0.300 
 
 When comparing the mean δ13C values for overall bone collagen to the overall first hair 
segment, proximal nail segment, and skin mean δ13C values for inter-tissue spacing, it was found 
that the tissues are spaced 0.7‰, 1.0‰, and 1.2‰, respectively. When comparing the mean δ13C 
values for the overall first hair segment to the overall proximal nail segment and skin mean δ13C 
values for inter-tissue spacing, it was found that the tissues are spaced 0.3‰ and 0.5‰, 
respectively. When comparing the overall proximal nail segment and skin mean δ13C values for 
inter-tissue spacing, it was found that the tissues are spaced -0.2‰. The overall inter-tissue 
spacing results can be viewed in Appendix I. When divided by age cohorts, the inter-tissue 
spacing results provide a more detailed view of the tissue spacing in these juveniles. The mean 
δ13C age cohort inter-tissue spacing results showed an enrichment of bone collagen over the first 
hair segment. The F&P cohort mean bone collagen enrichment was 1.1‰; the neonatal cohort 
mean bone collagen enrichment was 0.6‰; the C1 cohort mean bone collagen enrichment was 
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0.6‰; the C2 cohort mean bone collagen enrichment was 0.7‰; the C3 cohort mean bone 
collagen enrichment was 0.6‰. The inter-tissue spacing for age cohort mean δ13C is shown in 
Figure 74 and values can be viewed in Appendix J. The δ13C inter-tissue spacing values 
presented here (overall and age cohorts) fall within one standard deviation of the value published 
by Williams (2005); however, only the C1 cohort falls within one standard deviation of 
corresponding cohort value published by Norris (2012). The overall and F&P cohorts both fall 
within two standard deviations of the overall value found in Norris (2012), while the remainder 
of the cohorts in this study fall outside of two standard deviations of the corresponding cohort 
inter-tissue spacing values found by Norris (2012). 
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Figure 74: Inter-tissue spacing for mean bone collagen and first hair segment δ13C values for 
each age cohort. 
 
Overall Nitrogen Comparisons 
 When the overall bone collagen δ15N values were compared with all other overall tissue 
δ15N values separately, the comparison with the overall first hair segment δ15N values was not 
statistically significant (p = 0.678) while the comparisons with the overall proximal nail segment 
and skin δ15N values were statistically significant (p = 0.011 and p < 0.001, respectively). When 
the overall first hair segment δ15N values were compared with the proximal nail segment and 
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skin δ15N values, each result was statistically significant (p < 0.001). The comparison of the 
overall proximal nail segment and skin δ15N values were also statistically significant (p < 0.001). 
The p-values for the overall δ15N value inter-tissue comparisons can be found in Table 50. 
 
Table 50: Results of the Mann-Whitney U t-tests of each overall tissue group with all other 
overall tissue groups for δ15N values. Statistically significant results are bolded and italicized. 
 
 
 When comparing the mean δ15N values for overall bone collagen to the overall first hair 
segment, proximal nail segment, and skin mean δ15N values for inter-tissue spacing, it was found 
that the tissues are spaced 0.2‰, -1.1‰, and -2.2‰, respectively. When comparing the mean 
δ15N values for the overall first hair segment to the overall proximal nail segment and skin mean 
δ15N values for inter-tissue spacing, it was found that the tissues are spaced -1.3‰ and -2.4‰, 
respectively. When comparing the overall proximal nail segment and skin mean δ15N values for 
inter-tissue spacing, it was found that the tissues are spaced 1.1‰. The inter-tissue spacing 
results can be viewed in Appendix I. When divided by age cohorts, the inter-tissue spacing 
results provide a more detailed view of the tissue spacing in these juveniles. The mean δ15N age 
cohort inter-tissue spacing results showed an enrichment of bone collagen over the first hair 
segment. The F&P cohort mean bone collagen enrichment was 0.5‰; the neonatal cohort mean 
  
Bone 
Collagen 
1st Hair 
Segment 
Proxima
l Nail 
Segment 
1st Hair 
Segment 
0.678     
Proximal 
Nail 
Segment 
0.011 < 0.001   
Skin < 0.001 < 0.001 < 0.001 
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bone collagen enrichment was 0.3‰; the C1 cohort mean bone collagen enrichment was 0.7‰; 
the C2 cohort mean bone collagen enrichment was 0.0‰; the C3 cohort mean bone collagen 
enrichment was 0.1‰. The inter-tissue spacing for age cohort mean δ15N is shown in Figure 75 
and values can be viewed in Appendix J. The δ15N inter-tissue spacing values presented here 
(overall and age cohorts) fall within one standard deviation of the value published by Williams 
(2005). 
 
 
Figure 75: Inter-tissue spacing for mean bone collagen and first hair segment δ15N values for 
each age cohort. 
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Scurvy and Non-scurvy Carbon Comparisons 
 When the scurvy bone collagen δ13C values were compared with the scurvy and non-
scurvy first hair segment, proximal nail segment, and skin δ13C values, each Mann-Whitney U t-
test produced a statistically significant result with p-values ranging from < 0.001 to 0.015. The 
non-scurvy bone collagen cohort also produced all statistically significant results when compared 
to the scurvy and non-scurvy cohort of all other tissues, with p-values ranging from < 0.001 to 
0.003. When the scurvy first hair segment δ13C values were compared with scurvy proximal nail 
segment and skin δ13C values, neither result was statistically significant (p = 0.261 and 0.076, 
respectively). When the non-scurvy first hair segment δ13C values were compared with the non-
scurvy proximal nail segment and skin δ13C values, each result was statistically significant (p = 
0.019 and 0.006, respectively). When the scurvy and non-scurvy proximal nail segment δ13C 
values were compared with the scurvy and non-scurvy skin δ13C values, none of the results were 
statistically significant with p-values ranging from 0.314 to 0.810. The p-values for the overall 
δ13C value inter-tissue comparisons can be found in Table 51. 
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Table 51: Scurvy and non-scurvy inter-tissue Mann-Whitney U t-test results for δ13C with 
statistically significant results italicized and bolded. 
   
Bone Collagen 1st Hair Segment 
Proximal Nail 
Segment 
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1st Hair 
Segment 
Scurvy 0.015 0.003         
Non-scurvy 0.002 <0.001 0.667       
Proximal 
Nail 
Segment 
Scurvy 0.007 0.002 0.261 0.291     
Non-scurvy <0.001 <0.001 0.019 0.005 0.631   
Skin 
Scurvy 0.001 <0.001 0.076 0.054 0.565 0.810 
Non-scurvy <0.001 <0.001 0.006 <0.001 0.314 0.364 
 
 When comparing the mean δ13C values for scurvy bone collagen to the scurvy first hair 
segment, proximal nail segment, and skin mean δ13C values for inter-tissue spacing, it was found 
that the tissues are spaced 0.5‰, 0.8‰, and 1.1‰, respectively. When comparing the mean δ13C 
values for the scurvy first hair segment to the scurvy proximal nail segment and skin mean δ13C 
values for inter-tissue spacing, it was found that the tissues are spaced 0.3‰ and 0.6‰, 
respectively. When comparing the scurvy proximal nail segment and skin mean δ13C values for 
inter-tissue spacing, it was found that the tissues are spaced -0.3‰. The inter-tissue spacing 
results can be viewed in Appendix K (Table 64). 
 When comparing the mean δ13C values for non-scurvy bone collagen to the non-scurvy 
first hair segment, proximal nail segment, and skin mean δ13C values for inter-tissue spacing, it 
was found that the tissues are spaced 0.7‰, 1.0‰, and 1.3‰, respectively. When comparing the 
mean δ13C values for the non-scurvy first hair segment to the non-scurvy proximal nail segment 
and skin mean δ13C values for inter-tissue spacing, it was found that the tissues are spaced 0.3‰ 
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and 0.6‰, respectively. When comparing the non-scurvy proximal nail segment and skin mean 
δ13C values for inter-tissue spacing, it was found that the tissues are spaced -0.3‰. The inter-
tissue spacing results can be viewed in Appendix K (Table 64). 
 When comparing the mean δ13C values for scurvy bone collagen to the non-scurvy first 
hair segment, proximal nail segment, and skin δ13C values for inter-tissue spacing, it was found 
that the tissues are spaced 0.6‰, 0.9‰, and 1.2‰, respectively. When comparing the mean δ13C 
values for the scurvy first hair segment to the non-scurvy proximal nail segment and skin mean 
δ13C values for inter-tissue spacing, it was found that the tissues are spaced 0.4‰ and 0.7‰, 
respectively. When comparing the scurvy proximal nail segment and non-scurvy skin mean δ13C 
values for inter-tissue spacing, it was found that the tissues are spaced -0.2‰. The inter-tissue 
spacing results can be viewed in Appendix K (Table 64). 
 When comparing the mean δ13C values for non-scurvy bone collagen to the scurvy first 
hair segment, proximal nail segment, and skin mean δ13C values for inter-tissue spacing, it was 
found that the tissues are spaced 0.6‰, 0.9‰, and 1.2‰, respectively. When comparing the 
mean δ13C values for the non-scurvy first hair segment to the scurvy proximal nail segment and 
skin mean δ13C values for inter-tissue spacing, it was found that the tissues are spaced 0.2‰ and 
0.5‰, respectively. When comparing the non-scurvy proximal nail segment and skin mean δ13C 
values for inter-tissue spacing, it was found that the tissues are spaced -0.4‰. The inter-tissue 
spacing results can be viewed in Appendix K (Table 64). 
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Scurvy and Non-scurvy Nitrogen Comparisons 
 When the scurvy bone collagen δ15N values were compared with the scurvy and non-
scurvy first hair segment and scurvy proximal nail segment δ15N values, each Mann-Whitney U 
t-test produced non-statistically significant results with p-values ranging from 0.129 to 0.905. 
When compared to the non-scurvy proximal nail segment and scurvy and non-scurvy skin δ15N 
values, each t-test produced a statistically significant result with p-values ranging from < 0.001 
to 0.014. When the non-scurvy bone collagen δ15N values were compared with the scurvy and 
non-scurvy first hair segment and proximal nail segment δ15N, each t-test produced non-statically 
significant results with p-values ranging from 0.130 to 0.514. When the scurvy and non-scurvy 
first hair segment δ15N values were compared with the scurvy proximal nail segment δ15N, the t-
tests produced non-statistically significant results (p = 0.113 and 0.062, respectively). When the 
scurvy and non-scurvy first hair segment δ15N values were compared with the non-scurvy 
proximal nail segment and scurvy and non-scurvy skin δ15N values, each t-test produced 
statistically significant results with p-values ranging from < 0.001 to 0.006. When the scurvy and 
non-scurvy proximal nail segment δ15N values were compared with the scurvy and non-scurvy 
skin δ15N values, each t-test produced statistically significant results with p-values ranging from 
0.001 to 0.016. The p-values for the scurvy and non-scurvy inter-tissue comparisons can be 
found in Table 52. 
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Table 52: Scurvy and non-scurvy inter-tissue Mann-Whitney U t-test results for δ15N with 
statistically significant results italicized and bolded. 
   
Bone Collagen 1st Hair Segment 
Proximal Nail 
Segment 
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1st Hair 
Segment 
Scurvy 0.905 0.478         
Non-scurvy 0.869 0.514 0.879       
Proxima
l Nail 
Segment 
Scurvy 0.129 0.336 0.113 0.062     
Non-scurvy 0.014 0.130 0.006 <0.001     
Skin 
Scurvy <0.001 0.004 <0.001 <0.001 0.011 0.014 
Non-scurvy <0.001 0.001 <0.001 <0.001 0.016 0.001 
 
When comparing the mean δ15N values for scurvy bone collagen to the scurvy first hair 
segment, proximal nail segment, and skin mean δ15N values for inter-tissue spacing, it was found 
that the tissues are spaced 0.1‰, -1.0‰, and -2.4‰, respectively. When comparing the mean 
δ15N values for the scurvy first hair segment to the scurvy proximal nail segment and skin mean 
δ15N values for inter-tissue spacing, it was found that the tissues are spaced -1.1‰ and -2.5‰, 
respectively. When comparing the scurvy proximal nail segment and skin mean δ15N values for 
inter-tissue spacing, it was found that the tissues are spaced 1.4‰. The inter-tissue spacing 
results can be viewed in Appendix K (Table 65). 
 When comparing the mean δ15N values for non-scurvy bone collagen to the non-scurvy 
first hair segment, proximal nail segment, and skin mean δ15N values for inter-tissue spacing, it 
was found that the tissues are spaced 0.4‰, -0.9‰, and -2.0‰, respectively. When comparing 
the mean δ15N values for the non-scurvy first hair segment to the non-scurvy proximal nail 
segment and skin mean δ13C values for inter-tissue spacing, it was found that the tissues are 
190 
 
spaced -1.3‰ and -1.1‰, respectively. When comparing the non-scurvy proximal nail segment 
and skin mean δ15N values for inter-tissue spacing, it was found that the tissues are spaced 1.1‰. 
The inter-tissue spacing results can be viewed in Appendix K (Table 65). 
 When comparing the mean δ15N values for scurvy bone collagen to the non-scurvy first 
hair segment, proximal nail segment, and skin mean δ15N values for inter-tissue spacing, it was 
found that the tissues are spaced 0.0‰, -2.4‰, and -2.4‰, respectively. When comparing the 
mean δ15N values for the scurvy first hair segment to the non-scurvy proximal nail segment and 
skin mean δ13C values for inter-tissue spacing, it was found that the tissues are spaced -1.4‰ and 
-2.5‰, respectively. When comparing the scurvy proximal nail segment and non-scurvy skin 
mean δ15N values for inter-tissue spacing, it was found that the tissues are spaced 1.1‰. The 
inter-tissue spacing results can be viewed in Appendix K (Table 65). 
 When comparing the mean δ15N values for non-scurvy bone collagen to the scurvy first 
hair segment, proximal nail segment, and skin mean δ15N values for inter-tissue spacing, it was 
found that the tissues are spaced 0.5‰, -0.6‰, and -2.0‰, respectively. When comparing the 
mean δ15N values for the non-scurvy first hair segment to the scurvy proximal nail segment and 
skin mean δ15N values for inter-tissue spacing, it was found that the tissues are spaced -1.0‰ and 
-2.4‰, respectively. When comparing the non-scurvy proximal nail segment and scurvy skin 
mean δ15N values for inter-tissue spacing, it was found that the tissues are spaced 1.4‰. The 
inter-tissue spacing results can be viewed in Appendix K (Table 65). 
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Outliers and Inter-tissue Spacing 
 Five of the outliers identified previously contributed both bone collagen and hair to this 
study. These were the first hair segment δ13C value for burials 23 and 260, the bone collagen and 
second hair segment δ13C values for burial 71, and the bone collagen δ15N values for burials 520 
and 582. The δ13C and δ15N values for these juveniles are examined to evaluate possible 
differences in inter-tissue spacing of outliers. 
 The δ13C value of the first hair segment of burial 23 was indicated as an outlier by SPSS 
(Figures 31 and 32). This tissue had a δ13C value of -21.2‰, which is more depleted in δ13C than 
both its bone collagen and second hair segment δ13C values, as well as the mean C1 cohort bone 
collagen and first hair segment δ13C values (Figure76). The inter-tissue spacing between burial 
23’s bone collagen δ13C value and first and second hair segments are 2.4‰ and 1.0‰, 
respectively. The mean C1 cohort bone collagen δ13C value is 2.5‰ and 1.1‰ enriched over 
burial 23’s first and second hair segment δ13C values, respectively. Burial 23’s bone collagen 
δ13C value is enriched 0.5‰ over the mean C1 first hair segment δ13C value. The δ13C inter-
tissue spacing values can be found in Appendix L (Table 66). Although none of the δ15N values 
for burial 23 presented as outliers, the inter-tissue spacing results are still presented here for 
reference (Figure 77). The bone collagen δ15N value for burial 23 is more enriched than both the 
first and second hair segments, as well as the mean C1 first hair segment δ15N value (2.9‰, 
2.8‰, and 1.2‰, respectively). The mean C1 bone collagen δ15N value is more enriched than 
burial 23’s first and second hair segment δ15N values (2.4‰ and 2.3‰, respectively). The δ15N 
inter-tissue spacing values can be found in Appendix L (Table 67). 
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Figure 76: Inter-tissue spacing between bone collagen and hair segment δ13C values for burial 
23, with the outlier value circled and mean C1 cohort bone collagen and first hair segment δ13C 
values indicated. 
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Figure 77: Inter-tissue spacing between bone collagen and hair segment δ15N values for burial 23 
and the mean C1 cohort bone collagen and first hair segment δ15N values. 
 
 The δ13C values of bone collagen and the second hair segment of burial 71 were indicated 
as outliers by SPSS (Figures 13 and 33). The bone collagen δ13C value was -17.6‰ and the 
second hair segment δ13C value was -18.1‰. The bone collagen δ13C value is more enriched 
than the hair segments and mean C1 bone collagen and first hair segment δ13C values, while the 
second hair segment is more depleted in δ13C than the bone collagen and third hair segment δ13C 
values and more enriched than the first hair segment and mean C1 bone collagen and first hair 
segment δ13C values (Figure 78). The inter-tissue spacing between burial 71’s bone collagen 
δ13C value and first, second, and third hair segments are 0.7‰, 0.5‰, and 0.3‰, respectively. 
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The mean C1 cohort bone collagen δ13C value is -0.4‰, -0.6‰, and -0.8‰ depleted from burial 
71’s first, second, and third hair segment δ13C values, respectively. Burial 71’s bone collagen 
δ13C value is enriched 1.7‰ over the mean C1 first hair segment δ13C value. The δ13C inter-
tissue spacing values can be found in Appendix L (Table 66). Although none of the δ15N values 
for burial 71 presented as outliers, the inter-tissue spacing results are still presented here for 
reference (Figure 79). The bone collagen δ15N value for burial 71 is more enriched than the first, 
second, and third hair segments, as well as the mean C1 first hair segment δ15N value (1.8‰, 
1.6‰, 1.8‰, and 1.6‰, respectively). The mean C1 bone collagen δ15N value is more enriched 
than burial 71’s first, second, and third hair segment δ15N values (0.9‰, 0.7‰, and 0.9‰, 
respectively). The δ15N inter-tissue spacing values can be found in Appendix L (Table 67). 
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Figure 78: Inter-tissue spacing between bone collagen and hair segment δ13C values for burial 
71, with the outlier values circled and mean C1 cohort bone collagen and first hair segment δ13C 
values indicated. 
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Figure 79: Inter-tissue spacing between bone collagen and hair segment δ15N values for burial 71 
and the mean C1 cohort bone collagen and first hair segment δ15N values. 
 
 The δ13C value of the first hair segment of burial 260 was indicated as an outlier by SPSS 
(Figure 39). This tissue had a δ13C value of -21.1‰, which is more depleted in δ13C than both its 
bone collagen and second and third hair segment δ13C values, as well as the mean C1 cohort 
bone collagen and first hair segment δ13C values (Figure 80). The inter-tissue spacing between 
burial 260’s bone collagen δ13C value and first, second, and third hair segments are 1.6‰, 0.9‰, 
and 0.6‰, respectively. The mean C1 cohort bone collagen δ13C value is 1.8‰, 1.1‰, and 0.8‰ 
enriched over burial 260’s first, second, and third hair segment δ13C values, respectively. Burial 
260’s bone collagen δ13C value is enriched 0.4‰ over the mean C1 first hair segment δ13C value. 
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The δ13C inter-tissue spacing values can be found in Appendix L (Table 66). Although none of 
the δ15N values for burial 260 presented as outliers, the inter-tissue spacing results are still 
presented here for reference (Figure 81). The bone collagen δ15N value for burial 260 is more 
enriched than the third hair segment δ15N value and the mean C1 first hair segment δ15N value, 
but more depleted than the first and second hair segment δ15N values (0.3‰, 0.3‰,           -1.1‰, 
and -0.9‰, respectively). The mean C1 bone collagen δ15N value more enriched than burial 
260’s third hair segment δ15N value (0.1‰), and more depleted in δ15N than the first and second 
hair segment δ15N values (-1.3‰ and -1.1‰, respectively). The δ15N inter-tissue spacing values 
can be found in Appendix L (Table 67).  
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Figure 80: Inter-tissue spacing between bone collagen and hair segment δ13C values for burial 
260, with the outlier value circled and mean C1 cohort bone collagen and first hair segment δ13C 
values indicated. 
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Figure 81: Inter-tissue spacing between bone collagen and hair segment δ15N values for burial 
260 and the mean C1 cohort bone collagen and first hair segment δ15N values. 
 
 The δ15N value for bone collagen of burial 520 was indicated as an outlier by SPSS 
(Figure 57). This tissue had a δ15N value of 18.1‰, which is more enriched in δ15N than the first, 
second, and third hair segment δ15N values, as well as the mean C1 cohort first hair segment 
δ15N values (Figure 82). The inter-tissue spacing between burial 520’s bone collagen δ15N value 
and first, second, and third hair segments are 1.5‰, 1.7‰, and 1.4‰, respectively. The mean C1 
cohort bone collagen δ15N value is 0.8‰, 1.0‰, and 0.7‰ enriched over burial 520’s first, 
second, and third hair segment δ15N values, respectively. Burial 520’s bone collagen δ15N value 
is enriched 0.7‰ over the mean C1 first hair segment δ15N value. The δ15N inter-tissue spacing 
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values can be found in Appendix L (Table 67). Although none of the δ13C values for burial 520 
presented as outliers, the inter-tissue spacing results are still presented here for reference (Figure 
83). The bone collagen δ13C value for the burial 520 is more enriched than the first, second, and 
third hair segments, as well as the mean C1 mean first hair δ13C value (1.0‰, 1.0‰, 1.2‰, and 
0.5‰, respectively). The mean C1 bone collagen δ13C value is more enriched than burial 520’s 
first, second, and third hair segment δ13C values (1.2‰, 1.2‰, and 1.4‰, respectively). The 
δ13C inter-tissue spacing values can be found in Appendix L (Table 66). 
 
 
Figure 82: Inter-tissue spacing between bone collagen and hair segment δ15N values for burial 
520, with the outlier value circled and mean C1 cohort bone collagen and first hair segment δ15N 
values indicated. 
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Figure 83: Inter-tissue spacing between bone collagen and hair segment δ13C values for burial 
520 and the mean C1 cohort bone collagen and first hair segment δ13C values. 
 
 The δ15N value for bone collagen of burial 582 was indicated as an outlier by SPSS 
(Figure 57). This tissue had a δ15N value of 16.4‰, which is more enriched in δ15N than the first 
hair segment, and depleted in δ15N in relation to the mean C1 cohort bone collagen and first hair 
segment δ15N values (Figure 84). The inter-tissue spacing between burial 582’s bone collagen 
δ15N value and first hair segment is 0.2‰. The mean C1 cohort bone collagen δ15N value is 
1.2‰ enriched over burial 582’s first hair segment δ15N value. Burial 582’s bone collagen δ15N 
value is depleted in δ15N by -1.0‰ relative to the mean C1 first hair segment δ15N value. The 
δ15N inter-tissue spacing values can be found in Appendix L (Table 67). Although none of the 
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δ13C values for burial 582 presented as outliers, the inter-tissue spacing results are still presented 
here for reference (Figure 85). The bone collagen δ13C value for burial 582 is more enriched than 
the first hair segment and mean C1 first hair segment δ13C value (0.5‰ and 0.5‰, respectively). 
The mean C1 bone collagen δ13C value is more enriched than burial 582’s first hair segment δ13C 
value (0.7‰). The δ13C inter-tissue spacing values can be found in Appendix L (Table 66). 
 
 
Figure 84: Inter-tissue spacing between bone collagen and hair segment δ15N values for burial 
582, with the outlier value circled and mean C1 cohort bone collagen and first hair segment δ15N 
values indicated. 
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Figure 85: Inter-tissue spacing between bone collagen and hair segment δ13C values for burial 
582 and the mean C1 cohort bone collagen and first hair segment δ13C values. 
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CHAPTER 5: DISCUSSION 
The initial analysis of δ13C and δ15N values for this study included four tissues (bone 
collage, hair, nail, and skin), however, only bone collagen and hair will be discussed here. Nail 
was removed from further analysis because nail growth is highly variable from individual to 
individual and nail to nail due to health status and rate of keratinization (de Berker, 2013; 
Hamilton et al., 1955; Levit and Scher, 2001; Williams, 2008; Wu et al., 2012; Yaemsiri et al., 
2010). Few studies (e.g. Johns, 2012; Norris, 2012; Williams, 2008; Williams, 2005) currently 
exist that employ the use of skin δ13C and δ15N values, with none that have specifically analyzed 
preservation values to avoid using degraded or contaminated samples; therefore, it was not 
possible to ensure that the skin samples within this study were not degraded or contaminated, 
thus the skin samples were removed from further analysis. Bone collagen and hair segments are 
discussed in regards to inter-tissue spacing and the initial goals of this study involving detecting 
scurvy isotopically.  
Inter-tissue Spacing 
 The δ13C and δ15N inter-tissue spacing results from this study between bone collagen and 
hair all fall within the published findings of Williams (2005), but do not all fall within those 
published by Norris (2012). When the overall bone collagen cohort was compared to the overall 
first hair segment, the difference in mean δ13C values was statistically significant (p < 0.001). 
These two tissues were spaced 0.7‰, with bone collagen being more enriched in δ13C than hair. 
When bone collagen and hair were divided into overall scurvy and non-scurvy cohorts 
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(disregarding age), the same statistically significant results were found, though with slightly 
different p-values. The tissue spacing values ranged from 0.5‰ to 0.7‰. These tissue spacing 
values are not close to that reported by Williams (2005) of 0.5‰, but they are within one 
standard deviation of this value. The reason this difference in inter-tissue spacing values was 
found is most likely due to Williams (2005) not dividing her juvenile sample into age cohorts to 
account for differences in turnover rates, which affect fractionation and subsequently inter-tissue 
spacing.  
 When the bone collagen and first hair segment results were divided into age cohorts, a 
little more variation was found in tissue spacing values. The range here was 0.6‰ to 1.1‰. 
These results were more closely associated with those bone collagen-to-hair inter-tissue spacing 
values found by Norris (2012). While Norris (2012) did not include any F&P or neonatal 
individuals in her study, her inter-tissue spacing results for juveniles aged 1 to 15 years 
correspond well with the C1, C2, and C3 cohort inter-tissue spacing results in this study. The C1 
cohort had a bone collagen to first hair segment value of 0.6‰, while Norris (2012) found a 
value of 0.72 ± 0.29‰; the C2 cohort had a bone collagen to first hair segment value of 0.7‰ 
with Norris’s (2012) 5 to 10 year old cohort having a value of 0.98 ± 0.11‰; and the C3 cohort 
had a bone to first hair segment value of 0.6‰, Norris (2012) reported a value of 1.49 ± 0.44‰ 
in 11 to 15 year olds. The current study includes six additional individuals who exhibit skeletal 
indicators of scurvy, which may account for the slight differences between the two studies, as 
they were both conducted on roughly the same sample set. 
 The δ15N tissue-spacing values from this study are similar to those found by Williams 
(2005). Williams (2005) found in her study that bone collagen and hair are spaced 0.5 ± 1.3‰, 
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while the current study found tissue spacing values between 0.0‰ and 0.7‰. All of the values 
found within this study, however, do fall well within the standard deviation provided by 
Williams (2005).  
 Some anomalous inter-tissue spacing values were found when several outliers were 
analyzed specifically for bone collagen to hair differences. While the δ13C values of bone 
collagen were enriched over each hair segment δ13C value, one outlier had extreme enrichment 
over the first hair segment and one had less than expected enrichment. The δ13C of bone collagen 
of burial 23 was enriched 2.4‰ over the first hair segment, which is more than both Williams 
(2005) and Norris (2012) report in their findings.  This individual did not show such extreme 
enrichment of bone collagen over the second hair segment (1.0‰). Since bone collagen is a 
long-term tissue, this change would be a result of a depletion in δ13C of the first hair segment, 
which would indicate a change in diet between the second-to-last and last month of life for this 
individual. While this juvenile was not diagnosed with skeletal indicators of scurvy, it is possible 
that they experienced an acute onset of another disease causing a change in diet or crash of their 
δ13C values. One other possible explanation for the sudden change in δ13C value for the first hair 
segment could be related to a change in diet related to weaning, as this individual was 
approximately 2 years of age. However, several studies on the Kellis 2 juvenile sample indicate 
that weaning in this society was a slow process that began at around 6 months of age and was 
complete around 3 years and included C4 foods, which would cause an enrichment of δ13C values 
(e.g. Dupras, 1999; Dupras and Tocheri, 2007; Dupras et al., 2001; Williams, 2008). This 
depleted δ13C value for hair does not follow the typical enrichment pattern seen as a result of 
weaning in this sample, therefore it is more likely that a sudden change to a more C3-based 
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“illness” diet (Williams, 2008), possibly brought on by an acute illness, is a more likely 
explanation. 
The other outlier with a bone collagen to first hair segment enrichment pattern outside of 
the expected range was burial 582. This individual provided only one hair segment, so no 
patterns over time can be explored, however, in their last month of life, their bone collagen δ13C 
value was only enriched over hair by only 0.5‰, which is low according to both Williams (2005) 
and Norris (2012). This would indicate this juvenile was consuming more C4 foods in their last 
month of life than they had over the course of their life (as determined by their bone collagen 
δ13C value). However, since only one hair segment was available for analysis, it is not possible to 
see if this incorporation of C4 foods was a gradual process or sudden at the end of their life.  
 The majority of the δ15N inter-tissue spacing values between bone collagen and hair for 
the outliers identified above fall within one standard deviation of the value given by Williams 
(2005). Burial 23 again falls outside of one standard deviation from this value, however, unlike 
with the δ13C values, there is no significant change from the second to the first hair segment, 
indicating that δ15N values of their hair did not change significantly in their last two months of 
life. While their diet may have changed, as evidenced by the changing δ13C values, the factors 
that affect δ15N values (e.g. trophic level, physiological stress) did not drastically change during 
those two months.  
 Burial 260, however, shows a drastic enrichment of hair δ15N values over bone collagen 
in the second and last month of life. Both the second and first hair segments have δ15N values 
that are more enriched than bone collagen, which is opposite of the expected pattern based on 
Williams’s (2005) research. This individual was approximately 15 years old at the time of death, 
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so the enriched δ15N value over the last two months of life is not due to breastfeeding as could be 
possible in much younger individuals. The inclusion of significantly more meat in the diet of this 
individual, while possible, is not likely to have occurred enough over the entirety of two months 
to cause such an increase in δ15N values. Therefore, the most likely cause for the increase in δ15N 
values within the first and second hair segments of this individual is physiological stress. This 
individual was diagnosed as having skeletal indicators of scurvy, which is a physiological 
stressor. While Olsen (2013) indicated that metabolic diseases do not affect δ15N values, 
D’Ortenzio et al. (2015) found that long-term illnesses do cause an increase in δ15N values. If 
burial 260 experienced scurvy for a prolonged amount of time, it is possible that it acted more 
like a long-term illness on their δ15N values, thus causing the increase seen in the second-to-last 
month of life. In order to determine if this enrichment of hair δ15N values was sudden, it would 
be necessary to look at more hair segments; unfortunately, this individual has provided only the 
three analyzed hair segments.  
 The last outlier with interesting δ15N inter-tissue spacing values is burial 520. The values 
for this individual are not remarkable in and of themselves, as each value falls within one 
standard deviation of the published values (e.g. Williams, 2005). However, when taking into 
account that they were diagnosed as having skeletal indicators of scurvy and then comparing 
their inter-tissue spacing δ15N values to those of burial 260, they warrant further discussion. 
During the last month of life, burial 520’s bone collagen was enriched over hair by 1.5‰. Since 
this individual is known to have scurvy, it would be expected that their hair δ15N values would 
show an increase due to the physiological stress of the disease. From the third to the second hair 
segment the δ15N value decreased, which is not typical of physiological stress. However, it then 
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increased between the second and first hair segments, indicating a change in this individual 
between those two months. Burial 520 was approximately 8 year of age at the time of death, 
indicating again that breastfeeding would not be the cause for this increase in δ15N value. As 
with burial 260, it is also unlikely that enough animal protein was consumed over their last two 
months of life to affect their δ15N values to this extent. Therefore, it is again likely that 
physiological stress is the cause for this increase from the second to first hair segment. Since this 
individual shows skeletal indicators of scurvy, it is probable that the disease caused this increase 
in δ15N value in the first hair segment just prior to death. 
Intra-tissue Scurvy and Non-scurvy Comparisons 
 While it was expected that the scurvy cohorts, due to physiological stress of the disease, 
would have differing δ13C and δ15N values from the non-scurvy cohorts, this was not the result 
found within this study. The comparison of δ13C and δ15N values between overall scurvy and 
non-scurvy cohorts within bone collagen and hair were unable to detect statistically significant 
differences within this sample (Appendix F). Likewise, when each tissue was divided by both 
age cohort and scurvy status, none of the t-test results were statistically significant (Appendix G). 
The non-statistically significant differences in mean δ13C and δ15N values between the scurvy 
and non-scurvy cohorts for bone collagen and hair indicate that the use of these isotopes and 
methods is not applicable for the detection of scurvy.  
 It is possible that scurvy, a metabolic disease, may not sufficiently affect δ13C or δ15N 
values to the point of detection, as indicated by Olsen (2013). However, as discussed previously, 
such as in regards to burial 260, some differences in δ13C and/or δ15N values of scurvy 
210 
 
individuals may exist, especially if it was present for an extended period of time and acted as a 
long-term illness. If this is the case, it would mean that the non-scurvy cohorts’ δ13C and δ15N 
values were also being affected in similar ways during the time periods represented by their bone 
collagen and hair. Since all of the juveniles within this sample are non-survivors, they were all 
suffering from end of life events, which would be expected to be revealed in their δ13C and δ15N 
values. This is an example of the Osteological Paradox (Wood et al., 1992). 
 The osteological paradox essentially states that all archaeological assemblages are 
composed of individuals that, for one reason or another, are non-survivors, thus making it 
difficult to accurately determine “healthy” and “unhealthy” individuals within the sample (Wood 
et al., 1992). As with all bioarchaeological studies, the osteological paradox is relevant to this 
current study, as the entire sample is composed of juveniles that did not survive childhood, as 
previously stated. The fact that some individuals exhibit skeletal indicators of scurvy while 
others do not, does not automatically indicate that one group was “healthier” than the other. 
When discussing bone collagen, while it is a composite of δ13C and δ15N values over time, in 
juveniles this time frame is greatly shortened (Kinaston et al., 2009) and may reflect end-of-life 
processes, especially in very young individuals. The use of incremental sampling, such as with 
hair segments, may possibly mitigate the mortality bias described by the osteological paradox by 
providing isotopic signatures from time periods that were survived (King et al., 2018), even if 
those time periods are on the order of months. However, end-of-life processes within hair must 
be taken into consideration for the first hair segment (closest to the scalp). This segment of hair, 
as long as it is in the anagen phase (Williams et al., 2011), represents the last month of life 
(O’Connell and Hedges, 1999; Pollard et al., 2007), and therefore may have some inherent 
211 
 
mortality bias, especially when comparing groups in regards to specific states of “health” (e.g. 
scurvy vs. non-scurvy). As described above, no statistically significant results from intra-tissue 
δ13C or δ15N value t-tests between scurvy and non-scurvy cohorts were found. This lack of 
distinction could be the result of scurvy not affecting δ13C or δ15N values enough to differentiate 
them from non-scurvy cohorts, or it could be the result of the non-scurvy cohorts experiencing 
physiological stressors at the end of their lives causing δ13C and δ15N to react similarly to scurvy.  
Hair Segments Comparisons 
 The mean δ13C and δ15N values for each age cohort were compared to determine if the 
onset of scurvy could be detected isotopically. Some patterns were found in the changes of both 
δ13C and δ15N values, but indicators of the onset of scurvy were not found in this sample. These 
patterns are briefly discussed here, however, they were not useful in bridging the gap between 
clinical symptoms and skeletal indicators of scurvy. 
 None of the mean hair segment δ13C values within each age and scurvy-status cohort 
were statistically significant, indicating that no significant change over the last three months of 
life occurred within any age cohort. The scurvy cohorts did not exhibit any pattern in regards to 
enrichment between the hair segments, with some age cohorts showing enrichment of δ13C over 
the last three months of life and others showing depletion of δ13C during this time period. The 
non-scurvy cohorts, however, did exhibit a pattern in regards to the change between the second 
and first hair segment. For each age cohort, the mean δ13C values decreased between the second 
and first hair segments, excluding the C1 cohort whose mean δ13C value remained the same. This 
decrease indicates a shift toward a more C3 food-based diet. While these individuals did not have 
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skeletal indicators of scurvy, they may have been suffering from other illnesses that prompted a 
change to an “illness” diet as described by Williams (2008). The lack of consistent patterning 
within the scurvy cohorts, however, does not help to identify an isotopic signature of the disease. 
In order to determine if hair segment analysis is a viable method for detecting the onset of 
diseases, it may be necessary to analyze more than three segments of hair to gain more time-
depth of isotopic signatures for these juveniles. 
 Within the mean δ15N hair segment comparisons, no statistically significant differences 
were found within each age and scurvy-status cohort, again indicating that no significant changes 
took place over the last three months of life for these juveniles. The scurvy cohorts did exhibit a 
pattern between the second and first hair segments, with the mean δ15N values increasing 
between these two segments. It is likely that this increase represents the physiological stress 
experienced by these juveniles in the last two months of life. Some of the non-scurvy age cohorts 
also indicate an increase in mean δ15N values during this timeframe, indicating that this increase 
may not be the result of scurvy, but rather the end-of-life processes experienced by these 
juveniles. As with the δ13C values, analysis of more hair segments would aid in determining if 
the onset of scurvy can be detected using this tissue. 
Summary 
 This study was undertaken in order to determine if analysis of δ13C and δ15N values could 
detect scurvy and non-scurvy cohorts in juveniles from the Kellis 2 cemetery in the Dakhleh 
Oasis, Egypt. While four tissues were initially investigated for this study (bone collage, hair, 
nail, and skin), only bone collagen and hair were discussed here. The δ13C and δ15N bone 
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collagen-to-hair inter-tissue spacing results all fall within those published by Williams (2005), 
however, not all of the δ13C results are within one or even two standard deviations of those 
published by Norris (2012). Five outliers were further analyzed in regards to their bone collagen-
to-hair inter-tissue spacing values, with interesting results found for both δ13C and δ15N values 
that warrant further investigation. When the intra-tissue scurvy and non-scurvy cohorts were 
compared, it was found that no statistically significant differences exist between the two cohorts, 
neither in overall groupings nor in age cohorts. The Osteological Paradox (Wood et al., 1992) is 
helpful in explaining this lack of difference, as the non-scurvy cohorts are non-survivors and 
therefore were likely experiencing physiological stressors at the end of their lives that caused 
changes to their δ13C and δ15N values and thus masked any differences from the scurvy cohorts. 
No significant differences or patterns were found between the three hair segments analyzed in 
this study. In order to determine if it is possible to detect early isotopic signals of scurvy, 
additional hair segments would need to be analyzed in order to view a larger time-depth period. 
While this study was not able to explicitly distinguish scurvy and non-scurvy cohorts 
isotopically, the inter-tissue spacing results do provide some insight into possible changes caused 
by the disease and provided some future directions that warrant analysis on this sample. 
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CHAPTER 6:  
CONCLUSION, LIMITATIONS AND FUTURE DIRECTIONS 
 This thesis was focused on the exploration of analyzing δ13C and δ15N values as a method 
of detecting juveniles with scurvy. A total of 148 juveniles from the Dakhleh Oasis, Egypt, were 
sampled for this study, with each providing at least one tissue sample (bone collage, hair, nail, or 
skin). The sample was divided by scurvy status (e.g. scurvy and non-scurvy) and age cohorts 
(F&P, neonatal, C1, C2, C3). Both intra- and inter-tissue differences between bone collagen and 
hair were utilized to determine if analysis of δ13C and δ15N values is a viable method for 
detecting the presence of scurvy within this sample. Hair segment comparisons were also 
conducted in order to attempt to locate an early isotopic signature of scurvy to help bridge the 
gap between clinical symptoms and skeletal indicators of the disease. 
 The intra-tissue comparisons within the overall bone collagen and hair segments 
produced non-statistically significant results. Likewise, when each tissue was divided by age 
cohorts as well as scurvy status, the t-tests did not indicate any statistically significant 
differences. This lack of differentiation between the scurvy and non-scurvy cohorts indicates that 
the disease is not detectable within δ13C and δ15N values in intra-tissue analysis within bone 
collagen and the first three hair segments. Therefore, it was concluded that isotopic analyses of 
δ13C and δ15N is not a viable method for detecting scurvy within this sample. While the exact 
cause for this lack of differentiation is unknown, it is possible that both scurvy and non-scurvy 
cohorts were each experiencing end-of-life stressors that were reflected in their δ13C and δ15N 
values, and thus masked any possible differences specifically caused by scurvy. 
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 The comparisons of mean δ13C and δ15N values among the hair segments did not indicate 
a definitive onset of scurvy. While patterns were found within both δ13C and δ15N values, they 
were not consistent as to which scurvy-status cohort they affected. Additionally, using only three 
hair segments did not provide enough time-depth to establish a pattern within the δ13C and δ15N 
values for each individual. The short amount of time viewed in this study using three hair 
segments (three months maximum) was not long enough to see if any real changes to trends 
occurred during that time frame prior to death. In order to determine if δ13C and δ15N values can 
be used to detect the onset of scurvy, and therefore bridge the gap between clinical symptoms 
and skeletal indicators of the disease, hair segments that extend beyond three months will need to 
be analyzed. 
 The most significant information from this study was found within the inter-tissue 
spacing results between the δ13C and δ15N values of bone collagen and hair. The δ13C and δ15N 
inter-tissue spacing values between bone collagen and hair were found to fall within the 
published values of Williams (2005), even though this study did not divide the sample by age 
cohorts. Conversely, only the C1 δ13C inter-tissue spacing value was within the published results 
of Norris (2012), who did separate the sample by age cohorts which coincided directly with those 
in the current study. The C2 and C3 cohort δ13C inter-tissue spacing values fell outside of two 
standard deviations of those found in Norris (2012) for the same cohorts. The samples for both 
the current study and Norris (2012) came from the same skeletal assemblage and were almost 
identical for the C1, C2, and C3 cohorts, however, the current study contained six additional 
juveniles with skeletal indicators of scurvy. While this number of additional scurvy juveniles is 
small, it may have been enough to alter the inter-spacing results, indicating that scurvy status 
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may have an effect when comparing long-term and short-term tissues. Several outliers were 
identified by variations in their δ13C and δ15N inter-tissue spacing values found that warrant 
further investigation to determine in the future using different analytical approaches.  
 This study has shown that δ13C and δ15N values are not useful in detecting the presence of 
scurvy within a skeletal sample, neither in bone collagen nor hair. Additionally, the analysis of 
only three hair segments, equivalent to the last three months of life, does not provide enough 
time-depth to determine if early signals of scurvy can be seen in δ13C and δ15N values. Since the 
non-scurvy cohorts within this study were also non-survivors of childhood, it is likely that their 
δ13C and δ15N values were also being affected by end-of-life processes as well. The results of the 
inter-tissue bone collagen-to-hair spacing, however, do provide some insight into possible ways 
that scurvy was affecting this juvenile population. The outliers that were examined here present 
opportunities for further research to investigate the patterns and variations seen in the current 
study. Additionally, this study supplements previously published information on inter-tissue 
spacing of bone collagen and hair and indicates that health status, in addition to age, may also 
affect inter-tissue spacing. 
Limitations and Future Directions 
 Some of the limitations present within this study are endemic to bioarchaeological studies 
of past societies. The unbalanced sample sizes within age cohorts, for example between the F&P 
cohort (n = 37) and the C3 cohort (n = 12); drastically different numbers of scurvy and non-
scurvy individuals, both overall and within age cohorts; and small sample sizes within some 
cohorts, bring some questions of validity to the interpretations made, especially when those 
217 
 
cohorts were involved. These unequal cohort sizes also bring into question how the data should 
be interpreted. For example, is the high number of scurvy individuals within the neonatal and C1 
cohorts due to prevalent micronutrient deficient diets within these cohorts, or is the low number 
of scurvy individuals within the C2 and C3 cohorts due to smaller sample sizes or even sampling 
errors? In this instance, it was found that the percentages of scurvy individuals within each of 
these four cohorts was similar (~25%), alleviating some of the questions in relation to these 
differences. These limitations, however, may not be possible to overcome due to the limitations 
regarding sample sizes present in archaeological assemblages. One last limitation shared among 
bioarchaeological isotopic studies involves the rate of turnover for bone collagen. While the rate 
of turnover for adult bone collagen is currently believed to be between 10 and 20 years 
(Katzenberg, 2008), the rate of turnover for juvenile bone collagen is not clearly known, 
especially for very young individuals, though it is believed to be much faster than the adult 
turnover rate due to juveniles’ constant state of growth (Hedges et al., 2005). Further 
understanding of bone collagen turnover rates would aid in interpreting the results, not only of 
this study, but all studies that utilize juvenile bone collagen. 
 Another limitation found during the course of this study was the classification of 
individuals within a single cohort (C1) who were in different life stages (regarding the 
probability of whether they were still breastfeeding or had been completely weaned from 
breastmilk) at their time of death. Since δ13C and δ15N values are sensitive to dietary inputs, 
grouping individuals together that most likely were consuming different diets makes 
interpretation of the data unnecessarily difficult. One way to alleviate this difficulty in future 
studies would be to reorganize the individuals within the C1 cohort based on their probable 
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breastfeeding/weaning status. One other limitation within this study is the unknown scurvy status 
of the adult female population of the cemetery. This information is especially important when 
analyzing the F&P and neonatal cohorts (as well as younger C1 cohort individuals) because these 
individuals are uniquely tied to their mother’s status, both in terms of disease/physiological stress 
loads and isotopic signatures. A study of the prevalence, or lack thereof, of scurvy within the 
adult female population in the Kellis 2 cemetery would provide an avenue of better 
understanding the maternal and fetal/perinatal link within this sample (Kinaston et al., 2009). An 
investigation of the adult female population’s prevalence of scurvy would also allow for a 
comparison with the C3 cohort to investigate possible reasons for this cohort’s hair δ15N values 
that tend to rise above that of the adult female average. 
 In addition to the above proposed research changes and further investigations, additional 
research of individuals with scurvy within the juveniles from the Kellis 2 cemetery may be able 
to better illuminate the changes to δ13C and δ15N values caused by the physiological stress of 
disease. One such way to investigate this connection is to sample, whenever possible, more 
segments of hair in order to look further back into individual lives, both those with and without 
skeletal indicators of scurvy. This would possibly allow for differentiation between scurvy and 
non-scurvy δ13C and δ15N values, if analyses can be completed either before scurvy individuals 
acquired the disease or before non-scurvy individuals began to experience end-of-life 
physiological stressors. Additionally, since micronutrient deficiencies rarely present in isolation, 
a differential diagnosis should be completed on all scurvy individuals in order to determine what, 
if any, additional disease loads they were enduring in the months prior to death. Furthermore, 
studies using techniques such as laser ablation of dentition would provide information from an 
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intermediate time frame between bone collagen and hair that may help to elucidate more specific 
information about the isotopic difference between the scurvy and non-scurvy cohorts within this 
study, especially on those individuals that were classified as outliers. 
 During the course of this study, it was found that some of the non-scurvy outliers lost 
their outlier status when they were grouped with their corresponding scurvy cohort. This 
indicates that those individuals are more isotopically similar to the scurvy individuals than the 
corresponding non-scurvy individuals. As previously stated, nutritional deficiencies generally do 
not present alone, and this loss of outlier status could indicate either that the individuals were 
suffering from scurvy that had not progressed to skeletal lesion manifestation or that they were 
affected with a disease or diseases that affect stable carbon and nitrogen isotopic values similarly 
to scurvy. Additionally, interesting information was found in regards to scurvy individuals of 
typical breastfeeding/weaning ages for the Dakhleh Oasis that warrants further research, as it is 
possible that the isotopic signatures of scurvy individuals in this study were affected by a 
buffering effect of breastfeeding that masked significant differences from non-scurvy 
individuals. 
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APPENDIX A: TISSUES SAMPLED FOR EACH INDIVIDUAL 
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Table 53: List of all individuals included in this study, indicating their age cohort, scurvy status, 
and which tissues were sampled (indicated by an “x”). 
Sample 
ID 
Age 
Cohort1 
Scurvy      
Y/N 
Tissues Sampled 
Bone Hair Nail Skin 
K2-B3 C1 Y       x 
15 Neonatal N   x x x 
K2-B23 C1 N x x x x 
24 C2 Y   x x x 
36 F&P N   x   x 
K2-B38 C2 N x       
49 C2 N   x     
51 F&P N   x     
54 F&P N   x   x 
56 Neonatal N   x     
57 Neonatal N   x   x 
63 Neonatal N   x   x 
64 C2 N   x x x 
65 F&P N   x   x 
70 C1 N x x x x 
71 C1 N x x     
K2-B74 Neonatal Y   x     
86 C1 N x x x   
94 Neonatal N   x x x 
95 Neonatal N   x x x 
96 F&P N   x   x 
97 C2 N   x x   
103 Neonatal N   x x x 
104 Neonatal N   x x   
108 C1 N x x x x 
113 Neonatal N   x x x 
115 Neonatal N   x x   
123 F&P N   x     
125 Neonatal N   x   x 
130 F&P N   x     
133 Neonatal N   x   x 
147 F&P N   x     
149 C3 N   x   x 
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Sample 
ID 
Age 
Cohort1 
Scurvy      
Y/N 
Tissues Sampled 
Bone Hair Nail Skin 
163 C2 N   x   x 
164 Neonatal N   x     
173 C3 N   x     
180 F&P N   x     
K2-B187 C3 N x       
197 F&P N   x     
206 Neonatal N   x   x 
209 F&P N   x     
237 Neonatal N   x   x 
239 C3 N   x x x 
243 C3 N   x     
258 C2 Y   x   x 
K2-260 C3 Y x x   x 
263 C3 N   x   x 
276 F&P N   x x   
278 C1 N   x x x 
288 C3 N   x x x 
K2-B290 C3 Y   x x x 
292 F&P N   x   x 
K2-B295 C3 Y x x   x 
K2-B299 C1 Y x x x x 
302 C3 N   x     
316 F&P N   x     
318B F&P N   x   x 
323 C1 N   x   x 
K2-B325* Neonatal N x       
K2-B326 C1 Y x       
328 C1 Y   x x x 
330 C1 N   x   x 
331 Neonatal N   x   x 
334 F&P N   x   x 
335 Neonatal N   x x x 
K2-336 C2 Y x x   x 
337 F&P N   x     
338 F&P N   x     
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Sample 
ID 
Age 
Cohort1 
Scurvy      
Y/N 
Tissues Sampled 
Bone Hair Nail Skin 
342 Neonatal N   x     
347 Neonatal Y   x x x 
349 C2 N   x x x 
351 C1 Y   x   x 
K2-B353 Neonatal Y     x   
356 Neonatal Y   x   x 
357 C1 N   x x x 
358 C1 N   x x x 
K2-B359 C2 Y x       
360 C2 N   x   x 
362 C1 N   x   x 
370 C2 N   x x x 
374 C2 N   x x x 
378 Neonatal N   x   x 
K2-B383 C1 Y   x     
386 F&P N   x     
K2-B390 Neonatal Y       x 
396 C1 N   x x   
K2-B404 Neonatal Y     x   
K2-B419 F&P Y       x 
428 F&P N   x     
K2-B435 Neonatal N x       
K2-B436 F&P N x x   x 
K2-B449 F&P Y x       
K2-464 C1 N x       
468 C3 N   x x x 
472 F&P N   x     
476 Neonatal N   x     
483 Neonatal N   x   x 
484 F&P N   x     
487 C1 N   x   x 
K2-490 C1 N x x   x 
495 F&P N   x     
508 F&P N   x     
513B F&P N   x     
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Sample 
ID 
Age 
Cohort1 
Scurvy      
Y/N 
Tissues Sampled 
Bone Hair Nail Skin 
519 C1 Y x x x x 
K2-520 C2 Y x x x x 
K2-525 Neonatal N x       
534 C1 N   x     
538 Neonatal N   x x x 
542 Neonatal N   x   x 
K2-545 Neonatal Y x       
551 Neonatal N   x   x 
560 C1 Y   x x x 
562 C1 N   x   x 
K2-B565 Neonatal Y   x     
568 F&P N   x     
571 Neonatal N   x   x 
K2-
B575A 
Neonatal Y       x 
577 F&P N   x     
579 C1 N   x   x 
580 Neonatal N   x   x 
K2-B582 C2 N x x x   
583A C2 N   x x x 
583B C1 N   x x   
584 C1 N   x x   
587 Neonatal N   x x   
K2-590 Neonatal Y x x     
593A C1 N   x x   
596 Neonatal N   x x   
599 F&P N   x x   
600 Neonatal N   x x x 
602 Neonatal N   x x x 
603 Neonatal N   x x   
605 F&P N   x     
606 F&P N   x     
608 F&P N   x   x 
609 F&P N   x x   
610 F&P N   x     
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Sample 
ID 
Age 
Cohort1 
Scurvy      
Y/N 
Tissues Sampled 
Bone Hair Nail Skin 
614 F&P N   x     
616 F&P N   x     
K2-B617 C1 Y   x     
618 F&P N   x     
619 C1 N   x x x 
620 C1 N   x x   
621 Neonatal N   x x x 
K2-B622 Neonatal Y   x     
624 C1 N   x x x 
626 Neonatal Y   x   x 
628 C1 N   x x x 
629 F&P N   x     
1Age categories are as follows: F&P – 16 to 40 weeks gestation; Neo – 41 weeks 
gestation to 12 months; C1 – 1 to 4 years; C2 – 5 to 10 years; C3 – 11 to 15 
years 
*This individual was excluded from further evaluation due to multiple 
preservation factors indicating poor preservation and accuracy of stable isotopic 
data. 
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APPENDIX B: INDICATORS OF SCURVY  
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Table 54: List of scurvy individuals detailing which indicators those individuals exhibited that 
led to a diagnosis of scurvy by Dr. Sandra Wheeler. 
ID # 
CO/Orbital 
Porosity 
presence1  
CO 
Activity
2 
PH/Vault 
Porosity 
presence3 
PH 
Activity
4 
Skull 
Lysis
5 
Skull New 
Bone 
Proliferation6  
Periostosis
/NBF 
(post-
cranial)7 
3 1 1 1 1 0 1 1 
24 1 1 0 0 0 0 1 
74 1 1 0 0 1 1 1 
258 1 1 1 1 0 1  
260 1 3 1 2 0 1  
290 1 3 1 1 0 1 1 
295 1 1 0 0 1 1  
299 1 1 1 1 0 1  
326 1 1 0 0 0 1  
328 1 1 1 1 0 1  
336 1 1 1 1 0 1 1 
347 1 1 1 1 0 1  
351 1 1 1 1 0 1 1 
353 1 1 0 0 0 1 1 
356 1 1 1 1 1 1 1 
359 1 1 0 0 0 1  
383 1 1 1 1 0 1  
390 1 1 1 1 1 1 1 
404 1 1 1 1 0 1  
419   0 0 1 1  
449   0 0 0 1 1 
519 1 1 0 0 0 1 1 
520 1 1 1 1 0 1   
545    0 0 0 1 1 
560 1 3 1 1 0 1 1 
565 1 1 1 1 0 1 1 
575
A 
  0 0 1 1  
590 1 1 1 3 0 1 1 
617 1 1 0 0 1 1 1 
622 1 1 1 1 0 1 1 
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ID # 
CO/Orbital 
Porosity 
presence1  
CO 
Activity
2 
PH/Vault 
Porosity 
presence3 
PH 
Activity
4 
Skull 
Lysis
5 
Skull New 
Bone 
Proliferation6  
Periostosis
/NBF 
(post-
cranial)7 
626 1 1 1 1 1 1 1 
 
11=present 
 
21=active 
 
30=absent, 
1=present 
 
41=active, 
3=healed 
 
50= 
absent, 
1= 
present 
 
60=absent, 
1=present 
 
71=present 
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APPENDIX C: PHOTOGRAPHS OF SKELETAL LESIONS INDICATING 
THE PRESENCE OF SCURVY 
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Figure 86: Example of fine porosity on the lateral aspect of the greater wing of the sphenoid of 
burial 3 (arrows), showing bilateral affliction of both the left (A) and right (B) sides. 
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Figure 87: Example of cribra orbitalia in the healing stage of burial 260, showing bilateral 
affliction. 
 
 
 
Figure 88: Example of porosity along the medial surfaces of the coronoid processes of the 
mandible of burial 617, showing bilateral affliction of the left (A) and right (B). 
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Figure 89: Example of porosity on the mandibular ramus of burial 390, showing bilateral 
affliction of the left (A) and right (B). 
 
 
Figure 90: Example of porosity on the anterior mandible of burial 299. 
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Figure 91: Example of porosity and new bone formation on the orbital surface of the greater 
wings of the sphenoid of burial 419, showing bilateral affliction. 
 
 
Figure 92: Example of porosity of the posterior left maxilla above the alveolar bone (circled 
area) of burial 575A. 
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Figure 93: Example of porosity of the infra-spinous process (circled in A) and supra-spinous 
process (arrows in B) of the right scapula of burial 565.  
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APPENDIX D: TISSUE PRESERVATION VALUES 
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Table 55: Summary of preservation values for tissue samples prepared by the author. Values 
outside of published ranges are indicated by an asterisk (*), and the excluded individual is bolded 
and italicized. 
Sample ID 
Tissue 
Type 
Collagen Yield 
(%) 
%C 
Weight 
%N 
Weight 
C:N 
Ratio 
23 Bone 16.34 41.48 15.12 3.20 
38 Bone 17.65 43.29 15.82 3.19 
187 Bone 18.46 43.32 15.91 3.18 
260 Bone 14.94 43.33 15.97 3.17 
295 Bone 12.66 43.53 15.83 3.21 
299 Bone 5.78 42.24 15.21 3.24 
325 Bone 3.79* 14.65* 4.75* 3.60 
326 Bone 36.06 43.86 16.09 3.18 
336 Bone 7.32 43.17 15.83 3.18 
359 Bone 17.15 42.90 15.75 3.18 
435 Bone 0.46* 39.25 12.76 3.59 
436 Bone 9.65 44.51 16.25 3.20 
449 Bone 1.24* 37.12 13.41 3.23 
464 Bone 18.50 43.58 15.98 3.18 
490 Bone 24.84 44.29 16.30 3.17 
520 Bone 21.16 43.14 15.84 3.18 
525 Bone 1.70* 44.51 16.12 3.22 
545 Bone 11.05 43.37 15.71 3.22 
582 Bone 11.79 41.39 15.24 3.17 
590 Bone 30.07 43.91 16.17 3.17 
74-1 Hair - 43.00 13.61 3.69 
290-1 Hair - 45.56 14.47 3.67 
290-2 Hair - 44.38 14.30 3.62 
383-1 Hair - 41.66 13.54 3.59 
383-2 Hair - 42.44 13.93 3.55 
565-1 Hair - 42.50 14.03 3.53 
590-1 Hair - 43.87 14.48 3.53 
617-1 Hair - 44.49 14.71 3.53 
617-2 Hair - 44.68 14.78 3.53 
622-1 Hair - 43.04 14.03 3.58 
622-2 Hair - 44.04 14.30 3.59 
290 Nail - 43.78 13.22 3.86* 
353 Nail - 42.18 13.23 3.72 
404 Nail - 43.09 13.43 3.74 
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Sample ID 
Tissue 
Type 
Collagen Yield 
(%) 
%C 
Weight 
%N 
Weight 
C:N 
Ratio 
3 Skin - 43.24 14.38 3.51 
290 Skin - 46.59 15.35 3.54 
390 Skin - 31.43 9.34 3.93 
419 Skin - 46.4 15.15 3.57 
575A Skin - 51.48 12.38 4.85* 
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APPENDIX E: STABLE CARBON AND NITROGEN ISOTOPE DATA 
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Table 56: Bone collagen δ13C and δ15N values. 
Sample 
ID 
Age 
Bone Collagen 
δ13C δ15N 
449* F&P -18.4 19.0 
436* F&P -19.3 19.2 
545* Neo -18.3 19.8 
590* Neo -18.6 20.9 
435* Neo -18.9 21.3 
525* Neo -18.6 22.2 
299* C1 -18.2 20.8 
326* C1 -19.3 18.2 
519 C1 -19.3 17.9 
23* C1 -18.8 19.7 
70 C1 -18.9 21.6 
71 C1 -17.6 20.1 
86 C1 -18.7 18.2 
108 C1 -18.4 19.7 
464* C1 -19.1 17.4 
490* C1 -18.9 18.1 
336* C2 -18.8 17.3 
359* C2 -18.9 17.6 
520* C2 -19.2 18.1 
38* C2 -19.0 17.6 
582* C2 -19.2 16.4 
260* C3 -19.5 17.9 
295* C3 -19.2 18.1 
187* C3 -19.1 17.2 
*samples prepared by author; all others 
prepared by Dr. Lana Williams  
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Table 57: First hair segment, second hair segment, and third hair segment δ13C and δ15N values 
for each individual. 
Sample 
ID 
Age 
Hair Segments 
1st: 0-1cm 2nd: 1-2cm 3rd: 2-3cm 
δ13C δ15N δ13C δ15N δ13C δ15N 
36 F&P -20.9 19.6         
54 F&P -19.4 18.7         
65 F&P -20.3 20.5         
96 F&P -19.1 18.2         
123 F&P -19.9 20.1         
130 F&P -21.7 17.2         
180 F&P -20.6 19.6         
197 F&P -19.4 18.5 -19.3 18.2     
209 F&P -19.6 19.3         
276 F&P -19.2 18.4 -19.2 18.4     
292 F&P -21.6 20.1         
316 F&P -21.3 17.5         
318B F&P -20.3 16.1         
334 F&P -19.1 16.1 -19.4 16.6     
337 F&P -19.2 18.2         
338 F&P -19.5 17.7         
386 F&P -19.4 18.6         
428 F&P -21.0 21.8         
436 F&P -19.8 18.7         
472 F&P -20.2 18.2         
484 F&P -19.3 20.2         
495 F&P -19.7 19.2         
513B F&P -19.4 18.7         
568 F&P -19.0 18.5         
577 F&P -18.9 18.8 -19.0 18.6 -18.4 17.7 
599 F&P -20.1 16.4 -20.5 16.4     
605 F&P -19.1 18.8 -19.0 18.9 -19.0 19.2 
606 F&P -19.7 17.9 -19.6 17.8 -19.5 18.1 
608 F&P -20.2 17.4         
609 F&P -19.7 18.4         
610 F&P -21.2 19.0         
614 F&P -19.4 19.4         
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Sample 
ID 
Age 
Hair Segments 
1st: 0-1cm 2nd: 1-2cm 3rd: 2-3cm 
δ13C δ15N δ13C δ15N δ13C δ15N 
629 F&P -20.2 17.3         
74* Neo -18.6 20.4         
347 Neo -18.3 19.6 -18.2 19.6     
356 Neo -19.2 19.2 -19.1 19.9     
565* Neo -19.4 21.0         
590* Neo -18.9 20.2         
622* Neo -19.0 18.5 -18.8 18.5     
626 Neo -19.2 22.1 -19.2 22.0     
15 Neo -19.7 20.8         
51 Neo -19.1 18.8 -19.2 18.4 -19.4 18.0 
56 Neo -18.8   -19.1   -19.4   
57 Neo -18.8 17.6 -19.5 17.9 -19.9 18.0 
63 Neo -18.9 21.6 -18.8 21.8     
94 Neo -18.8 21.0         
95 Neo -19.0 21.9 -19.5 21.3     
103 Neo -20.1 17.3         
104 Neo -18.9 16.2 -19.1 16.7     
113 Neo -19.2 19.0 -19.0 18.6 -19.0 18.1 
115 Neo -19.8 17.2         
125 Neo -18.8 20.9         
133 Neo -18.8 20.0         
147 Neo -19.0 20.4 -19.3 19.5 -19.3 20.2 
164 Neo -19.6 18.3         
206 Neo -20.8 20.8         
237 Neo -19.1 20.8         
331 Neo -19.7 20.2         
335 Neo -19.0 18.9 -18.8 18.7     
342 Neo -19.5 17.9         
378 Neo -18.2 19.2         
476 Neo -19.6 19.7         
483 Neo -19.5 19.9         
508 Neo -19.7 18.2         
538 Neo -18.0 20.7 -18.6 20.6 -18.2 20.8 
542 Neo -18.7 19.5         
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Sample 
ID 
Age 
Hair Segments 
1st: 0-1cm 2nd: 1-2cm 3rd: 2-3cm 
δ13C δ15N δ13C δ15N δ13C δ15N 
551 Neo -18.9 19.5 -18.5 19.5     
571 Neo -18.5 23.6 -18.5 23.4     
580 Neo -19.0 16.9         
587 Neo -19.8 21.1         
596 Neo -22.7 20.1         
600 Neo -19.3 20.6         
602 Neo -18.7 21.4         
603 Neo -19.2 16.8         
621 Neo -19.2 20.4 -19.1 20.5     
299 C1 -19.2 19.3 -19.0 19.4 -18.7 19.9 
328 C1 -18.8 20.3 -18.9 19.7 -19.2 19.3 
351 C1 -19.7 16.5         
383* C1 -19.3 16.4 -19.4 16.4     
519 C1 -19.7 15.2 -20.5 15.8 -21.2 16.3 
560 C1 -19.0 20.8         
617* C1 -19.7 17.5 -19.7 17.9     
23 C1 -21.2 16.8 -19.8 16.9     
70 C1 -18.8 20.9 -18.6 21.0     
71 C1 -18.3 18.3 -18.1 18.5 -17.9 18.3 
86 C1 -19.8 18.1 -19.7 17.7     
108 C1 -19.2 18.0         
278 C1 -19.1 18.6 -19.2 18.1 -20.4 18.3 
323 C1 -19.5 20.0         
330 C1 -17.9 18.4 -18.6 17.3 -19.4 17.6 
357 C1 -18.9 20.9         
358 C1 -19.4 18.3 -19.6 17.8 -19.9 18.1 
362 C1 -19.8 17.4 -19.6 17.6     
396 C1 -19.0 17.6 -19.3 17.3 -19.5 16.6 
487 C1 -17.7 19.0 -18.1 18.5 -18.9 17.9 
490 C1 -19.2 16.2 -20.0 15.3     
534 C1 -18.9 17.9 -19.2 18.5 -19.0 19.6 
562 C1 -20.3 17.9 -20.0 18.0     
579 C1 -19.7 18.8 -19.2 20.0 -18.9 19.8 
583B C1 -19.8 20.1 -19.3 19.9 -19.2 20.0 
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Sample 
ID 
Age 
Hair Segments 
1st: 0-1cm 2nd: 1-2cm 3rd: 2-3cm 
δ13C δ15N δ13C δ15N δ13C δ15N 
593A C1 -19.0 18.8 -19.1 17.6 -20.4 17.9 
619 C1 -20.9 15.1         
620 C1 -19.4 20.4 -20.4 20.2 -19.9 20.1 
624 C1 -19.4 21.9 -19.4 21.9 -19.6 21.8 
628 C1 -19.5 20.1         
24 C2 -19.6 18.2 -19.5 18.4 -19.6 18.1 
258 C2 -19.7 18.7         
336 C2 -19.9 16.8 -19.9 16.5 -20.1 16.8 
520 C2 -20.2 16.6 -20.2 16.4 -20.4 16.7 
49 C2 -19.5 15.3 -19.6 15.9 -19.7 15.5 
64 C2 -19.7 19.1 -19.6 17.5     
97 C2 -19.6 16.7 -19.6 17.3 -19.3 18.7 
163 C2 -20.2 20.5         
349 C2 -19.4 17.9         
360 C2 -19.6 16.5 -19.2 16.1 -19.1 16.2 
370 C2 -19.8 17.5         
374 C2 -19.2 17.2 -19.1 17.6 -19.0 17.4 
582 C2 -19.7 16.2         
583A C2 -19.7 18.0 -19.6 18.2     
584 C2 -20.0 16.6 -20.4 17.3 -20.2 16.3 
260 C3 -21.1 19.0 -20.4 18.8 -20.1 17.6 
290* C3 -20.3 17.1 -19.9 17.0     
295 C3 -19.5 17.5 -19.3 17.4 -19.3 17.4 
149 C3 -20.1 16.4 -20.2 16.6 -20.0 16.8 
173 C3 -19.7 16.6         
239 C3 -19.8 18.7 -19.3 18.6 -19.1 19.0 
243 C3 -19.2 18.1 -19.3 18.2 -19.5 18.0 
263 C3 -19.5 16.8         
288 C3 -19.6 17.4 -19.4 18.0 -19.7 17.8 
302 C3 -19.7 18.6 -19.8 18.5 -19.6 17.6 
468 C3 -19.8 17.1 -19.7 17.9 -19.7 17.5 
*samples prepared by author; all others prepared by Dr. Lana Williams  
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Table 58: Proximal nail segment δ13C and δ15N values. 
Sample 
ID 
Age 
Proximal Nail 
Segment 
δ13C δ15N 
276 F&P -19.5 19.5 
599 F&P -20.5 17.2 
608 F&P -19.3 19.4 
609 F&P -18.7 21.2 
347 Neo -18.1 20.6 
353* Neo -19.5 20.2 
404* Neo -19.1 21.9 
15 Neo -19.2 20.6 
94 Neo -20.4 22.0 
95 Neo -19.7 21.7 
103 Neo -19.3 21.5 
104 Neo -19.5 18.8 
113 Neo -19.6 19.1 
115 Neo -19.9 22.3 
335 Neo -19.2 19.8 
538 Neo -19.6 20.8 
587 Neo -19.6 21.8 
596 Neo -19.6 21.3 
600 Neo -19.7 21.5 
602 Neo -19.4 22.3 
603 Neo -19.2 21.8 
621 Neo -18.4 20.1 
299 C1 -19.6 20.2 
328 C1 -19.5 20.9 
519 C1 -19.9 18.1 
560 C1 -19.7 21.1 
23 C1 -20.4 17.6 
70 C1 -19.5 21.2 
86 C1 -20.4 18.9 
108 C1 -19.0 20.3 
278 C1 -19.3 18.5 
357 C1 -19.7 20.7 
358 C1 -20.2 19.2 
396 C1 -22.5 24.5 
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Sample 
ID 
Age 
Proximal Nail  
Segment 
δ13C δ15N 
583B C1 -20.0 20.9 
593A C1 -20.5 18.5 
619 C1 -20.3 15.5 
620 C1 -20.0 20.5 
624 C1 -19.3 22.2 
628 C1 -20.7 21.3 
24 C2 -19.9 18.7 
520 C2 -20.7 17.8 
64 C2 -19.9 18.6 
97 C2 -18.6 20.9 
349 C2 -20.2 17.7 
370 C2 -20.1 18.0 
374 C2 -20.6 18.1 
582 C2 -19.9 18.0 
583A C2 -20.1 19.0 
584 C2 -20.6 18.1 
290* C3 -20.7 17.9 
239 C3 -20.8 20.6 
288 C3 -20.2 18.8 
468 C3 -20.2 20.5 
*samples prepared by author; all 
others prepared by Dr. Lana 
Williams  
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Table 59: Skin δ13C and δ15N values. 
Sample 
ID 
Age 
Skin 
δ13C δ15N 
419* F&P -19.6 18.7 
36 F&P -21.4 19.9 
54 F&P -20.0 20.0 
65 F&P -20.5 20.6 
96 F&P -20.1 20.3 
292 F&P -20.6 20.9 
318B F&P -21.8 19.3 
334 F&P -20.5 17.8 
436 F&P -21.0 20.1 
347 Neo -18.7 21.6 
356 Neo -19.9 21.2 
390* Neo -18.7 21.6 
575A* Neo -20.9 20.4 
626 Neo -20.1 22.5 
15 Neo -19.9 21.3 
57 Neo -21.6 19.3 
63 Neo -19.8 22.4 
94 Neo -19.5 21.7 
95 Neo -19.4 22.1 
103 Neo -20.0 20.5 
113 Neo -19.6 20.2 
125 Neo -22.7 24.7 
133 Neo -20.1 21.2 
206 Neo -20.7 21.1 
237 Neo -19.8 21.0 
331 Neo -19.7 20.7 
335 Neo -19.3 19.5 
378 Neo -19.1 20.2 
483 Neo -20.9 19.9 
538 Neo -19.5 21.5 
542 Neo -19.6 21.3 
551 Neo -20.0 21.9 
571 Neo -19.2 23.0 
580 Neo -20.1 19.1 
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Sample 
ID 
Age 
Skin 
δ13C δ15N 
600 Neo -19.1 21.8 
602 Neo -19.1 22.2 
621 Neo -19.4 20.3 
3* C1 -19.2 22.3 
299 C1 -21.7 20.2 
328 C1 -19.1 22.5 
351 C1 -20.2 21.5 
519 C1 -19.1 21.0 
560 C1 -19.4 22.3 
23 C1 -20.3 21.9 
70 C1 -19.6 22.4 
108 C1 -19.5 21.4 
278 C1 -20.7 22.7 
323 C1 -19.0 21.7 
330 C1 -18.6 20.6 
357 C1 -20.4 23.4 
358 C1 -19.0 21.0 
362 C1 -20.9 20.3 
487 C1 -20.2 22.6 
490 C1 -20.2 20.5 
562 C1 -20.9 18.2 
579 C1 -18.9 22.1 
619 C1 -20.1 19.5 
624 C1 -19.7 22.9 
628 C1 -20.5 20.8 
24 C2 -20.6 20.8 
258 C2 -19.6 21.2 
336 C2 -22.2 18.8 
520 C2 -20.1 20.7 
64 C2 -20.0 22.5 
163 C2 -19.2 21.5 
349 C2 -20.3 21.8 
360 C2 -18.8 21.7 
370 C2 -19.3 22.7 
374 C2 -18.8 20.8 
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Sample 
ID 
Age 
Skin 
δ13C δ15N 
370 C2 -19.3 22.7 
374 C2 -18.8 20.8 
583A C2 -22.4 23.5 
260 C3 -20.3 21.5 
290* C3 -19.6 20.7 
295 C3 -20.6 21.2 
149 C3 -21.0 20.2 
239 C3 -20.5 20.9 
263 C3 -19.8 19.5 
288 C3 -22.0 23.9 
468 C3 -18.5 20.4 
*samples prepared by author; all others 
prepared by Dr. Lana Williams  
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APPENDIX F: OVERALL INTRA-TISSUE MANN-WHITNEY U T-TEST 
RESULTS 
  
250 
 
Table 60: Mann-Whitney U t-test results for intra-tissue comparisons of scurvy and non-scurvy 
samples within each tissue. 
Tissue 
p-values 
δ13C δ15N 
Bone Collagen 0.705 0.622 
1st Hair Segment 0.667 0.879 
2nd Hair Segment 0.443 0.761 
3rd Hair Segment 0.160 0.265 
Proximal Nail 
Segment 
0.631 0.518 
Skin 0.744 0.907 
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APPENDIX G: AGE COHORT INTRA-TISSUE MANN-WHITNEY U  
T-TEST RESULTS 
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Table 61: Mann-Whitney U t-test results for age cohort intra-tissue comparisons of scurvy and 
non-scurvy samples within each tissue. 
Tissue 
Age 
Cohort 
p-values 
δ13C δ15N 
Bone 
Collagen 
F&P 0.317 0.317 
Neonatal 0.221 0.121 
C1 0.302 0.819 
C2 0.374 0.374 
C3 0.221 0.221 
1st Hair 
Segment 
Neonatal 0.361 0.499 
C1 0.980 0.418 
C2 0.290 0.557 
C3 0.258 0.357 
2nd Hair 
Segment 
Neonatal 0.567 0.627 
C1 0.709 0.502 
C2 0.410 0.909 
C3 0.431 0.796 
3rd Hair 
Segment 
C1 0.942 0.772 
C2 0.180 0.456 
C3 0.737 0.402 
Proximal 
Nail 
Segment 
Neonatal 0.073 0.812 
C1 0.242 0.958 
C2 0.595 0.793 
C3 0.637 0.180 
Skin 
F&P 0.120 0.245 
Neonatal 0.787 0.471 
C1 0.605 0.854 
C2 0.185 0.018 
C3 0.655 0.297 
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APPENDIX H: HAIR SEGMENT SCATTER PLOTS 
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Figure 94: Scatter plot of δ13C and δ15N values for first, second, and third hair segments of all 
juveniles in the F&P cohort. 
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Figure 95: Scatter plot of δ13C and δ15N values for first, second, and third hair segments of all 
juveniles in the neonatal cohort. 
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Figure 96: Scatter plot of δ13C and δ15N values for first, second, and third hair segments of all 
juveniles in the C1 cohort. 
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Figure 97: Scatter plot of δ13C and δ15N values for first, second, and third hair segments of all 
juveniles in the C2 cohort. 
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Figure 98: Scatter plot of δ13C and δ15N values for first, second, and third hair segments of all 
juveniles in the C3 cohort. 
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APPENDIX I: OVERALL INTER-TISSUE SPACING VALUES 
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Table 62: Overall inter-tissue (Δ) spacing values for δ13C and δ15N between bone collagen (BC), 
the first hair segment (H1), proximal nail segment (N), and skin (S).  
 ΔBC-H1 (‰) ΔBC-N (‰) ΔBC-S (‰) ΔH1-N (‰) ΔH1-S (‰) ΔS-N (‰) 
δ13C 0.7 1 1.2 0.3 0.5 -0.2 
δ15N 0.2 -1.1 -2.2 -1.3 -2.4 1.1 
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APPENDIX J: AGE COHORT INTER-TISSUE SPACING VALUES 
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Table 63: Age cohort inter-tissue (Δ) spacing values for δ13C and δ15N between bone collagen 
(BC) and the first hair segment (H1). 
 ΔBC-H1 (‰) 
 δ13C δ15N 
F&P 1.1 0.5 
Neonatal 0.6 0.3 
C1 0.6 0.7 
C2 0.7 0.0 
C3 0.6 0.1 
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APPENDIX K: SCURVY AND NON-SCURVY COHORT INTER-TISSUE 
SPACING VALUES 
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Table 64: Overall scurvy and non-scurvy cohort inter-tissue (Δ) spacing values for δ13C between 
bone collagen (BC), the first hair segment (H1), proximal nail segment (N), and skin (S). 
 
ΔBC-H1 (‰) ΔBC-N (‰) ΔBC-S (‰) 
ΔH1-N 
(‰) 
ΔH1-S (‰) ΔS-N (‰) 
Scurvy to 
Scurvy 
0.5 0.8 1.1 0.3 0.6 -0.3 
Non-scurvy to 
Non-scurvy 
0.7 1.0 1.3 0.3 0.6 -0.3 
Scurvy to           
Non-scurvy 
0.6 0.9 1.2 0.4 0.7 -0.2 
Non-scurvy to 
Scurvy 
0.6 0.9 1.2 0.2 0.5 -0.4 
 
 
Table 65: Overall scurvy and non-scurvy cohort inter-tissue (Δ) spacing values for δ15N between 
bone collagen (BC), the first hair segment (H1), proximal nail segment (N), and skin (S). 
 
ΔBC-H1 (‰) ΔBC-N (‰) ΔBC-S (‰) 
ΔH1-N 
(‰) 
ΔH1-S (‰) ΔS-N (‰) 
Scurvy to 
Scurvy 
0.1 -1.0 -2.4 -1.1 -2.5 1.4 
Non-scurvy to 
Non-scurvy 
0.4 -0.9 -2 -1.3 -1.1 1.1 
Scurvy to           
Non-scurvy 
0.0 -2.4 -2.4 -1.4 -2.5 1.1 
Non-scurvy to 
Scurvy 
0.5 -0.6 -2.0 -1.0 -2.4 1.4 
 
  
265 
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Table 66: Inter-tissue (Δ) spacing values for δ13C for outliers between outlier bone collagen 
(BC); outlier first (H1), second (H2), and third (H3) hair segments; corresponding age cohort 
mean bone collagen (ACBC); and corresponding age cohort mean first hair segment (ACH1). 
Burial 
ΔBC-H1 
(‰) 
ΔBC-H2 
(‰) 
ΔBC-H3 
(‰) 
ΔACBC-H1 
(‰) 
ΔACBC-H2 
(‰) 
ΔACBC-H3 
(‰) 
ΔBC-ACH1 
(‰) 
23 2.4 1.0 - 2.5 1.1 - 0.5 
71 0.7 0.5 0.3 -0.4 -0.6 -0.8 1.7 
260 1.6 0.9 0.6 1.8 1.1 0.8 0.4 
520 1.0 1.0 1.2 1.2 1.2 1.4 0.5 
582 0.5 - - 0.7 - - 0.5 
 
 
Table 67: Inter-tissue (Δ) spacing values for δ15N for outliers between outlier bone collagen 
(BC); outlier first (H1), second (H2), and third (H3) hair segments; corresponding age cohort 
mean bone collagen (ACBC); and corresponding age cohort mean first hair segment (ACH1). 
Burial 
ΔBC-H1 
(‰) 
ΔBC-H2 
(‰) 
ΔBC-H3 
(‰) 
ΔACBC-H1 
(‰) 
ΔACBC-H2 
(‰) 
ΔACBC-H3 
(‰) 
ΔBC-ACH1 
(‰) 
23 2.9 2.8 - 2.4 2.3 - 1.2 
71 1.8 1.6 1.8 0.9 0.7 0.9 1.6 
260 -1.1 -0.9 0.3 -1.3 -1.1 0.1 0.3 
520 1.5 1.7 1.4 0.8 1.0 0.7 0.7 
582 0.2 - - 1.2 - - -1.0 
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